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The ultrasonic spot welding of fibre-reinforced thermoplastic composites has recently received strong 
interest among researchers mainly in the fields of aerospace and automotive industries. It offers an 
efficient solution to join large thermoplastic composite parts through the spot welding approach with a 
high level of automation. In this study, a new technique for focusing the ultrasonic vibration energy at 
the desired spot between two mating thermoplastic composite laminates was investigated. In this 
method, no additional energy directing protrusions between the weldments were required to focus the 
vibration energy. It was found that by welding the laminates amid an ultrasonic sonotrode and an anvil 
in which the prior had a larger contact surface with the laminate as the latter, it was possible to generate 
a localised frictional heating. In the initial phase of the welding, the frictional heating softened the 
interfacial layers and thus caused the focusing of the strain energy in the weld spot centre. The 
assumption for the presence of the friction and its influence on the heat generation was investigated by 
means of finite element method analysis. Microscopic analysis of the weld spot delivered the proof for 
the melt initiation at a ring around the weld spot and subsequent inwards growth of the weld spot. In 
order to gain a better understanding of the temperature spatial distribution and its temporal development 
in the weld zone during the ultrasonic welding process, the thermal problem was analysed using the 
explicit finite difference method. The mathematical model was verified through a comparison between 
the calculated temperature curves and the experimentally obtained counterparts. It was found that after 
a certain weld duration the temperature in the weld centre underwent a sudden increase and caused the 
overheating and decomposition of the polymer in the weld spot. It was observed that the time trace of 
the consumed power curve by the welder followed a similar pattern as the time trace of the temperature 
in the weld spot centre. Based on this observation, a control system was developed accordingly. The 
time derivative of the weld power was monitored in real time and as soon as it exceeded a critical value, 
the ultrasonic vibration amplitude was actively adjusted through a microcontroller. In this approach, the 
temperature in the weld spot was indirectly controlled to remain within an adequate range throughout 
the welding duration. The results of the controlled welding process were evaluated by means of 
temperature measurements and computed tomography scans. It was concluded from the study that the 
power-controlled differential ultrasonic spot welding process could be an efficient method to fusion 






Das Ultraschall-Punktschweißen von faserverstärkten thermoplastischen Kunststoffen hat in der letzten 
Zeit bei Forschern in der Luftfahrt- und Automobilindustrie großes Interesse hervorgerufen. Es bietet 
eine effiziente Lösung zum Verbinden großer thermoplastischer Verbundbauteile durch 
Punktschweißen mit einem hohen Automatisierungsgrad. In der vorliegenden Arbeit wurde eine neue 
Technik zum Fokussieren der Ultraschallschwingungsenergie an der gewünschten Fügestelle zwischen 
zwei Fügepartnern aus thermoplastischen Verbundlaminaten untersucht. Bei diesem untersuchten 
Verfahren waren keine zusätzlichen Energierichtungsgeber zwischen den Fügepartnern erforderlich, um 
die Vibrationsenergie zu fokussieren. Es wurde festgestellt, dass es durch Schweißen der Laminate 
zwischen einer Sonotrode und einem Amboss möglich war, eine lokalisierte Wärme durch Reibung zu 
erzeugen in dem die Sonotrode eine größere Kontaktfläche mit dem Laminat als mit dem Amboss 
aufwies. In der Anfangsphase des Schweißens wurden die Grenzflächenschichten durch die 
reibungsverursachte Erwärmung abgeschwächt. Folglich zentrierte sich die zyklische Verformung in 
diesen abgeschwächten Grenzflächen. Die Annahme des Vorhandenseins der Reibung und ihres 
Einflusses auf die Wärmeerzeugung wurde mittels mechanischer FEM-Analyse untersucht. Die 
mikroskopische Analyse des Schweißpunktes lieferte schließlich den Beweis für die Schmelzauslösung 
an einem Ring um den Schweißpunkt und das anschließende Punktwachstum. Um die räumliche 
Verteilung der Temperatur und ihre zeitliche Entwicklung in der Schweißzone während des 
Ultraschallschweißprozesses besser zu verstehen, wurde das thermische Problem numerisch modelliert. 
Zur Verifizierung der mathematischen Modelle wurden die berechneten Zeitverläufe der Temperatur im 
Schweißpunktzentrum mit den experimentell ermittelten Werten unter vergleichbaren Bedingungen 
gegenübergestellt. Es wurde festgestellt, dass nach einer bestimmten Schweißzeit die Temperatur im 
Schweißzentrum plötzlich anstieg und das Polymer an der Schweißstelle überhitzt und die Zersetzung 
begann. Es wurde beobachtet, dass der Zeitverlauf der verbrauchten Leistungskurve durch das 
Schweißgerät einem ähnlichen Muster folgte, wie der Zeitverlauf der Temperatur in der 
Schweißpunktmitte. Basierend auf dieser Beobachtung wurde ein Steuerungssystem entwickelt. Die 
zeitliche Ableitung der Schweißleistung wurde in Echtzeit überwacht. Sobald ein kritischer Wert 
überschritten wurde, wurde die Ultraschallschwingungsamplitude aktiv durch einen Mikrocontroller 
eingestellt. Bei diesem Ansatz wurde die Temperatur im Schweißpunkt indirekt gesteuert, um während 
der gesamten Schweißdauer in einem optimalen Bereich zu bleiben. Die Ergebnisse des gesteuerten 
Schweißprozesses wurden mittels Temperaturmessungen und Computertomographie bewertet. Aus der 
Studie wurde der Schluss gezogen, dass das leistungsgesteuerte Ultraschall-Punktschweißverfahren eine 
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Carbon fibre-reinforced polymers (CFRP) have been introduced in the fully automated series production 
of vehicle structures during the last decade. One remarkable example is the BMW i3, which was first 
launched to the market in 2013. Most of its body and interior structures have been made of CFRP to 
benefit from its high specific strength, thus reduce the vehicle overall weight, compensate the heavy 
batteries of the all-electric vehicle and consequently increase the available travel range. Nowadays, the 
emission standards for passenger vehicles are becoming stricter. One of the measures to achieve 
sustainable mobility is the reduction of fuel consumption through reducing the overall vehicle weight. 
One solution for weight reduction is the implementation of CFRP structures. CFRP do not only assist in 
weight reduction, but they also possess favourable acoustic properties [1]. Recent research in the field 
of fibre-reinforced polymers has enabled integrating actuators and sensors into the composite structures 
[2–5]. Some recent studies even suggest using the load-carrying structural CFRP as batteries for the 
hybrid or all-electric vehicle [6, 7]. 
Despite the numerous advances in the field of composites, two major factors still limit the large-scale 
implementation of CFRP in the commercial vehicles, namely the high cost of the material itself and the 
lack of efficient automated processing techniques. “Textile thermoplastic composites in particular pave 
the way for lightweight components characterized by highly specific mechanical properties and efficient 
production processes” [8]. In order to benefit from the advantages of the thermoplastic composites and 
introduce them in automated series production systems, the further development of efficient and highly 
stable processing methods is essential.  
This research work is concerned with the fundamental challenge of developing a reliable joining 
technology that can be directly integrated into the existing automated assembly lines for the body in 
white. The well-established methods used in joining of fibre-reinforced polymers (FRP) in general are 
mechanical fastening, adhesive bonding and fusion bonding (sometimes referred to as welding) [9, 10]. 
Among the many welding technologies for fibre-reinforced thermoplastics (FRTP), such as induction 
welding [11], friction welding, resistance welding, laser welding and friction stir welding, a remarkable 
one is the ultrasonic welding (USW) [12].  
The USW of polymers is a well-established industrial technique. Mechanical longitudinal vibrations 
with a frequency above the human audible spectrum (usually between 20 kHz and 45 kHz) are applied 
through a metallic sonotrode on the work pieces, accompanied with static compression.  
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The vibrations cause intensive intermolecular and boundary frictional heating at and around the joint 
interface. The interface heats up locally and rapidly until its temperature exceeds the polymer self-
diffusion (diffusion) temperature. Then the vibrations are interrupted and the joint is healed under static 
pressure [13]. A schematic of the ultrasonic welder is illustrated in Figure 1-1. The ultrasonic generator 
converts the alternating supply current from 50 Hz to an USW frequency (e.g. 𝑓 = 30 kHz) with a 
controlled current amplitude and provides it to the piezo-electric converter. The latter converts the 
electrical alternating signal to mechanical vibrations through the inverse piezo-electric effect. The 
mechanical vibrations induced from the converter are amplified and transferred to the sonotrode 
(ultrasonic horn) through the metallic booster. The sonotrode further amplifies the vibrations and applies 
them through its end onto the surface of the welded parts. The converter, booster and sonotrode together 
form the ultrasonic stack.  
 
Figure 1-1:  Schematic illustration of the main components comprising the ultrasonic welder. 
 
1.1 Motivation 
Joining processes have mostly been indispensable when producing mechanical structures with relatively 
large and complex geometries. This also applies to the FRTP structures. Due to the technical limitations 
such as tool sizes, prepreg dimensions, handling requirements or subsequent assembly prerequisites, the 
complete structures are produced by assembling several smaller and simpler components. Moreover, for 
each material combination or part size there exists one or more optimum joining technology. Ageorges 
et al. [10] conducted a thorough literature review on the advances in the joining technologies for 
thermoplastic composites. They claim that unlike adhesive bonding, fusion-bonding methods do not 
require pre-treatments of the surfaces. They also offer the advantage over mechanical fastening that 
stress concentration caused by the holes can be avoided. The researchers in [10, 12, 14] claim that USW 
is one of the most promising fusion bonding techniques, alongside induction welding, resistance welding 
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and friction welding. These techniques have the advantage that heating is limited at the weld interface, 
thus minimising the thermal impact on the remaining structure. The USW technique can be performed 
by sequential or scanning approaches and it can create the welds in relatively short times. I.F. Villegas 
[15] states that USW is a promising technique for either carbon or glass fibre-reinforced thermoplastic 
composites. It does not require foreign materials in the weld interface and can achieve welds in less than 
one second. Therefore, it might be well suited for the automated spot welding of large structural parts 
made of FRTP. 
In practice, when welding thin-walled parts and in order to focus the vibration energy of the ultrasonic 
(strain energy) at a desired interfacial location, energy directors (ED) such as triangular or rectangular 
protrusion are introduced there (as illustrated in Figure 1-2). Due to their geometry or material 
properties, these ED possess a lower stiffness than the preceding layers [16]. Therefore, the majority of 
the ultrasonic cyclic strain energy focuses on these ED, and thus heat up, soften/melt and flow 
preferably. USW in general is limited to parts with a size of approximately 230 mm × 300 mm [13]. In 
order to weld larger parts, either several ultrasonic welders should be implemented at once or the parts 
can be welded by the spot welding approach. 
 
Figure 1-2:  Conventional joint design used for the USW of thin-walled polymer 
(or polymer composite) parts through ED [13]. 
 
In this current work, a new configuration for the ultrasonic spot welding of FRTP laminates was 
investigated numerically and experimentally. The investigated method is named hereafter the 
differential ultrasonic spot welding (DUS). It has the advantage that it does not require any form of ED 
while generating well-shaped and focused weld spots. The developed method increases the flexibility 
of the ultrasonic spot welding process, while increasing its potential for automation. An attempt to 
clarify the hitherto-unanswered questions concerning the sources of deviation in the USW process of 
composites was undertaken. Eventually a logical control method was developed and investigated for its 
effectiveness in improving the weld spot quality. A detailed statement of the theses and hypotheses 
investigated in the frame of this research work is provided in the following paragraph 1.3.  
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1.2 State of the Art 
Many researcher have investigated the USW of carbon fibre-reinforced thermoplastics (CFRTP) in 
recent decades. Aiming to explore new welding configurations and explain the physical phenomena 
governing the welding process to improve its quality, repeatability and stability. In 1989, Benatar and 
Gutowski [17] were among the pioneers to publish investigations on the possibility to join FRTP using 
USW. They welded carbon fibre-reinforced PEEK (polyether ether ketone) laminates through neat 
PEEK triangular ED. The ED were compression moulded during the production of the unidirectional 
specimens. They modelled the USW by dividing the process into five interrelated sub-processes, namely 
mechanics and vibrations, viscoelastic heating, heat transfer, flow and wetting and intermolecular 
diffusion.  It has been predicted from the model that the weld was completed when the melt fronts of 
the molten ED met together. Indeed, this has been traced by the increase in the weld power as a reaction 
to the increase of weld interface impedance. This latter phenomenon was used to predict and control the 
weld process end. Most of the early works [18, 19] assumed that the heat generation in the ED is due to 
viscoelastic strain dissipation as heat. Tolunay et al. [18] measured the spatial temperature distribution 
during the USW in neat polystyrene specimens with and without energy-directing protrusions.  
They reported that the most rapid heating occurs in the weld interface for both types of specimens.  
They assumed that this phenomenon is related to the interface roughness. The surface asperities become 
highly stressed and thus they generate intense heat. Zongbo et al. [19] implemented a finite element 
method (FEM) model to analyse the heating mechanism of rectangular ED in neat PMMA (poly(methyl 
methacrylate)) specimens. They concluded that in the case of using rectangular ED the heating initiates 
due to friction at the outer edges of the contact interface and after softening of the ED the volumetric 
viscoelastic heating dominates. 
As stated earlier, conventional joint configurations require the presence of ED in the weld interface [20]. 
This is necessary to focus the heat generation at and around these surface asperities. However, as 
concluded by Ageorges [10], one of the main barriers of industrialising the USW of FRTP has been the 
difficulty of introducing the ED on thermoplastic composite sheet components. Moreover, the complete 
absence of ED might make the process troublesome. In order to overcome these limitations, several 
researchers have developed new configurations and approaches. Villegas [15, 21–23] introduced an 
ultrasonic spot welding method in which a thin film of neat matrix (PEEK) was placed between the 
thermoplastic carbon fibre-reinforced PEEK (CF-PEEK) laminates as an ED at the required spot. 
Accordingly, it has become possible to weld large FRTP parts at separate spots, thus increasing the 
process flexibility while eliminating the need to plan the ED in the early stages of the design. This 
process was further expanded and discussed in [24], whereby a round thin film of pure matrix was placed 
in between the two laminates as ED. A comparison between mechanically fastened joints and 
ultrasonically-welded laminates has been made. For the weld strength validation, two test methods were 
used, namely the double lap-shear test and the pull-through test. In the double lap-shear tests, it was 
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observed that ultrasonic spot welded joints have slightly higher onset failure loads than their mechanical 
fastened counterparts. However, in the pull-through test the onset failure load was much higher for the 
mechanical fastened joints than the welded ones. The energy-directing approach by thin films placement 
in the weld interface was expanded to include continuous ultrasonic seam welding of stiff thermoplastic 
composites plates [25]. Li et al. [26, 27] investigated a spot welding method through focusing the 
ultrasonic energy between the mating fibre-reinforced thermoplastic plates with the absence of ED. It 
was found that applying high static welding forces during the weld initiation stage helps to concentrate 
the ultrasonic energy at the desired spot under the horn, improve the weld strength and possibly eliminate 
the melting at the contact edges. Single sided USW of CF-PA66 (carbon fibre-reinforced polyamide 6.6) 
without ED was discussed in [28, 29]. In [30], the influence of the crystallinity of the PPS-matrix 
(polyphenylene sulphide) at the weld interface was investigated.  Gomer et al. [31, 32] implemented the 
USW method and principle to investigate the low-cost fabrication of carbon fibre-reinforced 
thermoplastics. Attempts were made to use USW techniques to aid the assembly of the CFRP-prepregs 
[33]. Wagner et al. [34–38] proved the possibility of joining aluminium alloys to FRTP through an 
ultrasonic metal welding approach, in which the vibrations are applied parallel to the weld  plane. It was 
observed through scanning electron microscope (SEM) investigation, that the load carrying fibres were 
in direct contact with the aluminium at the bonding zone. This resulted in bond strengths up to 58 MPa 
in the lap-shear testing. Comprehensive reviews of the advances in the USW of thermoplastic 
composites are presented in [39, 40].  
T. Zhao et al. [41] have recently investigated the influence of the space between ultrasonically-welded 
spots. They found an increase in the ultimate failure load in the lap-shear test when increasing the 
distance between the welded spots. In an attempt to increase the robustness of the multi-spot USW of 
thermoplastic composites [42], it was found that the energy required to perform a new weld adjacent to 
a previous ultrasonic welded spot is affected. Therefore, it was claimed that displacement-controlled 
welding provided consistent quality welds under a given set of welding parameters. Goto et al. [43] have 
investigated the joint strength of ultrasonically-welded CFRTP, they compared the weld strength in 
tensile and shear loading. Tsiangou et al. [44–47] experimentally investigated the possibility of 
ultrasonically joining two CFRP with dissimilar matrix [48]. They successfully joined a CF-epoxy with 
a CF-PEEK laminate through a neat PEEK film as an ED. Jongbloed et al. [25] improved the weld 
uniformity of a continuous ultrasonic welded woven carbon fabric-reinforced PPS. They used a neat 
PPS woven mesh as energy-directing tape throughout the length of the ultrasonically-welded continuous 
seam. Recently Bhudolia et al. [49] investigated the weldability of Novel CF-Elium® laminates by 
USW. Elium® (Arkema, France) is a very promising thermoplastic resin. It is a liquid with a low 
viscosity (50 cP) in its initial state, but when cured it becomes a thermoplastic solid. It combines the 
characteristics of thermosets and thermoplastics; it can be used in manufacturing FRP parts through 
resin transfer moulding or resin infusion processes, which in turn, after solidification can be 
thermoformed and welded like a thermoplastic composite [49]. 
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For eliminating the need for ED, an ultrasonic spot welding method for FRTP laminates was investigated 
at the research and development centre of the BMW AG (Bayerische Motoren Werke AG). In this 
method, an ultrasonic sonotrode with a pin-shaped end was implemented [50, 51]. The pin end of the 
sonotrode plunges into the laminates, breaks the continuous fibres and forces the softened/melted matrix 
along with the broken fibres into the weld interface and thus, when solidified, a short fibre-reinforced 
weld spot is created and a hole is left behind as a surface marking. A schematic illustration of the six 
main stages of the pin spot welding is provided in Figure 1-3. 
 
 
Figure 1-3:  Schematic illustration of the joint formation stages during the ultrasonic pin spot 
welding of a FRTP laminate pair [51].  
 
In an attempt to better understand the USW of neat polymers and their composites, several approaches 
have been undertaken to model the process. The models have included some basic simplifications and 
approximations due to the numerous factors influencing the welding process. Capturing all of the factors 
becomes practically impossible. Benatar et al. [52] studied the near-field USW of four neat polymers. 
In the study, they used a lumped parameter model to predict the heating rate in the rectangular ED. They 
assumed that the heating mostly takes place by viscoelastic dissipation of strain energy into heat. A. 
Levy et al. [53] suggested a time-homogenised multi-physical approach to model the ultrasonic heating 
phenomena. The main challenge in modelling the USW process using direct methods is the huge number 
of steps needed to capture the entire weld duration. The USW model includes two interrelated 
mechanical problems with different time scales: the first is related to the cyclic staining with the 
ultrasonic frequency called “micro-chronological”, and the second is related to the flow of the polymer 
and is called the “macro-chronological” time scale. Using the time-homogenisation method, these two 
time scales have been discretised separately and the total number of time iterations have become 
reasonable. Using this approach, Levy et al. [54] modelled the heating and flowing of the triangular ED 
of PEEK composites. Their model has provided a good understanding of the process variables with the 
strongest influence on the heating and flow of the melt fronts. In [55], this approach was implemented 
to model the USW process suggested by Villegas [15]. 
With the increasing understanding of the USW process, several methods have been developed to monitor 
and improve the weld quality. Several researchers attempted to improve the joint strength of 
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ultrasonically-welded CFRTP laminates though optimizing the weld parameters [56–58]. In his research 
on the USW of neat thermoplastic parts, David Grewell [59] reported that the efficiency of the USW 
process can be increased by using a pre-defined weld force and/or amplitude profile. In his work, he 
claimed that the triggering for the transition in the profile can be a certain power peak, weld time or 
welder consumed energy value. Fischer et al. [60] implemented the welder energy to determine the end 
of the weld process when welding thermoplastic plies during a fully-automated patch-preforming. 
Villegas et al. [15] used the displacement and power curves to monitor the welding process with thin 
flat ED. Zhi et al. [44] monitored the quality of the ultrasonic welds without ED between carbon fibre-
reinforced thermoplastic plates through the horn displacement and dissipated power. The welding 
process was analysed using temperature measurements by placing K-type thermocouples at the weld 
interface and the horn contact interface. 
In cases in which it is required to perform the ultrasonic spot welding with a high level of automation 
on relatively large structural parts made of FRTP, it is sometimes impractical to insert the energy-
directing elements in the form of pure matrix films or mould additional ED. In cases in which visual 
quality holds importance, the pin spot welding method proves inadequate. Therefore, in the frame of 
this research work, an ultrasonic spot welding method was developed that eliminates the need for any 
additional ED while causing minimum or even no surface marking. In order to prove the theories of the 
joint formation during the DUS process, a better understanding of the temperature development and the 
strain energy distribution in the weld spot is needed. Although several researchers have proposed and 
investigated many methods for controlling and monitoring the USW process, the need for an active 
process control system is essential.  
1.3 Statement of the Theses and Methods 
During the early stages of the study, many attempts were undertaken to spot weld thin-walled FRTP 
using the ultrasonic method without any energy directing elements. As already many researchers in the 
field have claimed, the process became troublesome. When the ultrasonic vibrations were being applied 
to the mating laminate pair, the melting/softening of the matrix was initiated after prolonged weld 
durations (𝑡𝑤  >  2 𝑠) at unpredictable interfacial locations. These preliminary experiments were 
conducted using a circular flat-end sonotrode and the laminates were supported on a flat solid aluminium 
table. However, when the laminates were welded in between the flat-end sonotrode and a flat-end anvil, 
in which the latter had a smaller diameter than the former, a well-shaped weld spot was formed. The 
spot was located directly in between the sonotrode and the anvil. Based on these observations, the first 
hypothesis was formulated: 
If two thin-walled thermoplastic or fibre-reinforced thermoplastic parts 
mate at a flange and are subjected to an ultrasonic vibration through a flat-
end sonotrode while pressing against a flat-end anvil, then a focused weld 
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spot is generated at the contact interface between the welded parts directly 
under the sonotrode. The success of the process requires the anvil contact 
diameter Da to be smaller than the diameter of the sonotrode contact Dh. 
The ratio between the diameters Dh⁄Da =RD should be larger than a certain 
process-dependent ratio (RD >Rcrit) for the welding to be effective.  
The weld configuration is called the differential ultrasonic spot welding method (DUS), which is 
schematically illustrated in Figure 1-4. The difference in the diameters of the sonotrode and the anvil 
was assumed to cause the laminates to deform under the cyclic vibration in such a way that they bend 
and compress simultaneously.  
 
Figure 1-4:  Schematic drawing of the differential ultrasonic spot welding configuration; the 
essential components and dimensions are illustrated [61, 62]. 
 
The cyclic deformation shape of the mating laminates results in a relative movement between the 
contacting surfaces. Even though the slippage is infinitesimal, a sufficient heat flux is generated due to 
the high vibration frequency and the adequate interfacial pressure. Directly after the application of the 
ultrasonic vibration on the welded parts, a volumetric viscoelastic heat and a focused interfacial 
frictional heat flux are generated in the weldments within the volume between the sonotrode and the 
anvil. While the viscoelastic heating is volumetric and small during this initial phase, the friction heat 
flux in the laminate-laminate contact interface increases. This focused heat flux leads to the rapid 
temperature increase of a thin layer on the surface between the mating laminates. Due to the poor heat 
transfer of the thermoplastic composites and the rapid heating rate, the temperature does not have 
sufficient time to distribute in the thickness direction. With the increasing temperature, the stiffness of 
the thermoplastic matrix locally suffers. Consequently, the cyclic strain tends to focus at the softer 
layers, and a sharp in-thickness strain gradient situation is created. Eventually, the friction and the 
viscoelastic heating focus almost only on a thin interfacial disc at the desired weld spot. These 
assumptions were investigated and discussed by means of FEM and eFDM in chapter 4. 
The proposed ultrasonic spot welding method enables the welding of thin-walled thermoplastic or 
thermoplastic composite parts without the need for any sort of surface asperities or additional materials 
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as ED in the contact interface at the weld zone. The elimination of the energy-directing elements 
increases the efficiency and flexibility of the ultrasonic spot welding process. As a result, the joining 
process might be strongly automated and implemented in the series production of assembling complex 
composite structures where joint strength, process stability, efficiency and cycle times are considered as 
priorities. The elimination of the ED and the lack of sufficient matrix in the weld spot prompted two 
main problems. When welding FTRP using the DUS technique, it was often observed that under a given 
weld duration some of the welded spots were either not fully diffused or the matrix in the spot was 
thermally decomposed. The thermal decomposition of the matrix was detected when observing a cross-
section of the welded spots under an optical microscope. Examples of this observation is shown in  
Figure 1-5, where three cross-sections show the three weld spot cases. The cross-section indicated as (a) 
is an example of a fully diffused weld spot, while (b) is an example of an uncompleted weld spot and 
(c) is an example of an overheated weld spot. Here, the matrix thermal decomposition can be traced as 
cavities in the laminates (indicated with arrows). This observation led to the formulation of the second 
hypothesis. 
The formation of the cavities in the weld spot is due to the overheating and 
consequently the thermal decomposition of the matrix. 
The overheating occurs because there is no sufficient matrix in the weld zone to flow and carry the 
excessive heat away. In the welding of neat thermoplastics, as observed by Tolunay et al. [18] and in 
thermoplastic composites by Levy et al. [54], as soon as the temperature exceeds the melting (softening) 
temperature of the polymer, it flows away from the weld zone with a certain rate. However, the FRTP 
of interest in this research work are mostly high fibre volume content woven fabric laminates. These 
materials usually have a thin layer (approx. 0.1 mm) of thermoplastic matrix on their outer surfaces. 
Moreover, in this case the rate of flow of the matrix is smaller than the rate of heating. As a result, the 
temperature in the weld spot can exceed the decomposition temperature rapidly and unexpectedly. The 
experimental investigations for the causes of the defects in the weld spots are discussed in chapter 3. 
The experiments were temperature measurements in the weld spot centre and subsequent computed 
tomography scans of the weld zone. The numerical investigation of these assumptions is discussed in 
chapter 4. 
Due to uncontrollable factors in either the ultrasonic welder or the welded materials, it has not been 
possible to estimate or predict the occurrence of the overheating of the weld spot. It occurs unexpectedly 
at random times during the DUS welding. Therefore, in order to overcome this limitation, the sources 
of the deviation in the weld process were investigated experimentally and numerically and the findings 
are discussed in chapters 3 and 4. 
 
 




Figure 1-5:  Microscopic images of the weld spot cross-section for three DUS welds on woven 
carbon fabric-reinforced laminates. 
(a) Well-shaped spot 
(b) Not fully-fused weld 
(c) Overheated weld spot 
 
A solution to the problem of the overheating is discussed in chapter 5. A phenomenon was observed for 
the DUS welding that can be used to avoid the weld overheating. In most cases, the power consumed by 
the ultrasonic welder P during the DUS process follows a typical time-trace pattern, which is plotted as 
the solid line in Figure 1-6. Parallel to it, plotted as the broken line is the temperature curve measured 
in the centre of the weld spot, which is also typical for the DUS process. 
Accordingly, the third hypothesis was formulated. 
If the second rise of the power is prevented, this might prevent the 
temperature from suddenly increasing and reaching the decomposition 
zone. It might lead instead to the stabilisation of the temperature and 
consequently the weld spot will have sufficient time in an adequate 
temperature zone to undergo a uniform diffusion process, thus resulting in a 
defect-free joint. 
The prevention of the second rise was achieved by means of monitoring the power time derivative in 
real time. If the derivative within the expected period increased above a certain pre-set value, then the 
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applied vibration displacement amplitude was reduced. The pre-set power derivative value to trigger the 
amplitude drop and the amount of amplitude drop was determined experimentally. The influence of the 
logical control system on the weld strength was investigated in this work. 
 
 
Figure 1-6:  Example plot for the time traces of the weld power and the wled center temperature 
during a DUS weld. 
 
Temperature measurements of the weld spots were undertaken to monitor the effectiveness of the weld 
control system to avoid the overheating. In addition, computed tomography (CT) scans of the volume 
around the weld spots were analysed to monitor the influence of the logical control system on the weld 
spot defects. The controlled DUS welding process was validated by means of weld strength 


































2 Theoretical Background 
2.1 Ultrasonic Welder 
An ultrasonic welder comprises three main modules (Figure 1-1), namely the generator, the ultrasonic 
stack and the welder press. In addition to its main function of generating the high voltage alternating 
current with the ultrasonic frequency, the generator, sometimes referred to as the power supply, has two 
key functions: It should ensure a constant vibration displacement amplitude throughout the welding 
duration and control the frequency to ensure that it matches the natural frequency of the stack. 
Furthermore, these two should be possible under various loading conditions of the ultrasonic stack. The 
ultrasonic stack comprises the piezo-electric converter, the booster and the sonotrode (ultrasonic horn). 
The press refers to the mechanism that holds the stack and provides the feed and the static force during 
the ultrasonic vibration and during the solidification phase [13, 63, 64]. 
2.1.1 Ultrasonic Stack 
The converter converts the electrical alternating current into mechanical sinusoidal vibrations. It usually 
comprises two coaxial metallic cylinders separated by two piezo-discs [13, 65]. Electrodes are deposited 
on the surfaces of the piezo-discs, through which the excitation voltage is applied. The electrodes are 
isolated from the metallic cylinders and the converter is protected with an electrically grounded stainless 
steel housing. A schematic of the converter and the stack is illustrated in Figure 2-1. The mechanical 
vibrations are induced through the inverse piezo-electric effect of the piezo-discs. The converter is 
designed and tuned to have a natural frequency, in the longitudinal vibration mode, matching the USW 
frequency (e.g. 𝑓 = 30 kHz). When an alternating electrical field is applied on the piezo-discs through 
the electrodes, the discs contract and relive [66]. This generates a mechanical longitudinal sinusoidal 
vibration in the axial direction and propagates through the contact surfaces into the booster [65]. The 
booster is usually attached to the end of the converter through a concentric setscrew. In a similar 
approach, the sonotrode is attached to the booster (Figure 2-1). The ultrasonic stack in turn is attached 
to the press through a flange located almost at the nodal point of the booster. This means that the 
vibration amplitude at these nodal points are always zero throughout the cycle of the vibration, and thus 
the longitudinal ultrasonic waves act as standing waves. The converter is capable of generating 
mechanical vibrations with high forces but small amplitudes. However, in most applications higher 
amounts of displacement amplitudes are required. Therefore, amplification is essential. 
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The vibration displacement amplification takes place in two stages. First, the booster amplifies the 
vibration with a certain factor. In a second stage, it can be further amplified through the sonotrode. The 
amplification is based on the conservation of energy principle, namely the total energy before the nodal 
point (in the sonotrode or the booster) should be equal to the total energy after the nodal point [67]. For 
example, if the sonotrode has a mass before the nodal point larger than the mass after the nodal point, 
then the amplitude of the vibration velocity after the nodal point should be larger than that before the 
nodal point to fulfil the conservation of energy principle. Figure 2-1 depicts the amplification 
progression through the stack. The stack consists of a half wavelength (𝜆/2) booster and sonotrode. 
Nevertheless, there exists full wavelength or one and a half wavelength boosters and sonotrode too. 
 
Figure 2-1: Ultrasonic stack and the vibration amplification progression. 𝜆 is the wavelength, 
𝑍𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟 , 𝑍𝑏𝑜𝑜𝑠𝑡𝑒𝑟  and 𝑍𝑠𝑜𝑛𝑜𝑡𝑟𝑜𝑑𝑒  are the displacement at the end of each the 
converter, booster and sonotrode respectively [65].  
 
In Figure 2-2-(a) the vibration displacement of a short pulse (pulse duration 0.2 s) is plotted from the 
vibration initiation trigger point to the end of the duration. It can be seen in the plot that the vibration 
reaches the maximum amplitude gradually from the resting position in almost 0.04 s. As soon as the 
ultrasonic signal ends, the vibrations gradually dampen to the resting position. In Figure 2-2-(b) on a 
minor timescale, the sinusoidal form of the 30 kHz vibration can be clearly seen. 
 





Figure 2-2: Vibration displacement measured at the end of the sonotrode during no-load 
operation using an in-plane laser vibrometer. 
(a) Ultrasonic vibration displacement in respect to time for the entire 0.2 s pulse. 
(b) Minor timescale with a duration of 0.001 s.  
 
2.1.2 Working Principle of the Ultrasonic Welder 
In later sections, the power consumed by the ultrasonic welder will be used to analyse the DUS welding 
process, determine the sources of deviation and eventually it will be implemented to control the welding 
process. Therefore, it is essential to understand how the welder functions and how the power consumed 
by the welder is measured. Becker [65] has established an equivalent electric circuit model of the electro-
mechanical generator/stack system. The electrical conductance 𝐺𝑦(𝑖𝜔) of the converter has been used 
throughout his research to analyse the frequency response of the vibration system. It has been calculated 




 . 2-1 
The electrical conductance significantly increases when the ultrasonic stack is excited at its natural 
frequency. The drop of the phase difference between the current and the voltage to 0° shows this. When 
the stack is loaded, the natural frequency of the system increases. The damping applied on the stack 
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reduces the conductance of the converter, and if the voltage is kept constant then the current will 
consequently drop. These phenomena can be traced by the phase difference versus frequency plot in 
Figure 2-3. Therefore, during loading (welding), the generator is built to detect these changes of 
frequency and current and reacts to them by adjusting the excitation frequency and voltage respectively. 
 
Figure 2-3:  Phase difference between the current 𝐼𝑐𝑜𝑛(𝑗𝜔) and the voltage 𝑈𝑐𝑜𝑛(𝑗𝜔) for a loaded 
and an unloaded stack over the ultrasonic welder frequency range [65]. 
 
The equivalent electrical circuit for the ultrasonic stack and the welded parts, as assumed by Becker 
[65], is redrawn in Figure 2-4. The piezo element (the converter) is represented as a block that couples 
between the electrical and the mechanical sides of the stack. The converter in the electrical side can be 
represented by a capacitor 𝐶𝑐𝑜𝑛  and in the mechanical side by its compliance 𝑛𝑐𝑜𝑛𝑣. The stack can be 
represented in the mechanical side by its compliance 𝑛𝑠𝑡𝑎𝑐𝑘, its damping 𝑟𝑠𝑡𝑎𝑐𝑘 and mass 𝑚𝑠𝑡𝑎𝑐𝑘.  On 
the other hand, the weldments can be represented by their compliance 𝑛𝑐𝑜𝑚𝑝 and their damping 𝑟𝑐𝑜𝑚𝑝. 
However, the mass of the weldments can be ignored in comparison to the 𝑚𝑠𝑡𝑎𝑐𝑘. On the left side of the 
electro-mechanical model in Figure 2-4, 𝑈(𝑡) represents the applied voltage on the terminals of the 
converter and on the right side 𝑣(𝑡) is the velocity of the vibration at the sonotrode end. 
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Due to the inverse piezo-electric effect, as previously stated, applying a voltage 𝑈𝑐𝑜𝑛(𝑡) and a current 
𝐼𝑐𝑜𝑛(𝑡) on the terminals of the converter generates a mechanical velocity 𝑣𝑐𝑜𝑛(𝑡) and a force 𝐹𝑐𝑜𝑛(𝑡) in 
the converter. The relationship between these factors can be given by the piezo-electric constant 𝑌, 
which in turn is a material-dependent constant. Equation 2-2 shows that the mechanical force created by 
the converter has a linear correlation with the applied voltage at the converter terminals. On the other 
hand, equation 2-3 shows that the velocity generated by the converter is linearly dependent on the current 
at the terminals of the converter. 
 












According to the equivalent electro-mechanical circuit represented in Figure 2-4, the force equilibrium 
in the mechanical system can be represented as in equation 2-4. The total forces acting on the ultrasonic 
stack 𝐹𝑠𝑡𝑎𝑐𝑘(𝑡) are the sum of the force components of the stack mass 𝐹𝑚𝑠𝑡𝑎𝑐𝑘 (𝑡), stack compliance 
𝐹𝑛𝑠𝑡𝑎𝑐𝑘 (𝑡), stack damping 𝐹𝑟𝑠𝑡𝑎𝑐𝑘 (𝑡), weldments damping 𝐹𝑟𝑐𝑜𝑚𝑝 (𝑡) and the weldments compliance 
𝐹𝑛𝑐𝑜𝑚𝑝(𝑡). 
𝐹𝑚𝑠𝑡𝑎𝑐𝑘 (𝑡) + 𝐹𝑠𝑡𝑎𝑐𝑘(𝑡) = 𝐹𝑛𝑠𝑡𝑎𝑐𝑘 (𝑡) + 𝐹𝑟𝑠𝑡𝑎𝑐𝑘 (𝑡) + 𝐹𝑟𝑐𝑜𝑚𝑝 (𝑡) + 𝐹𝑛𝑐𝑜𝑚𝑝 (𝑡). 2-4 
Given that the velocity in the converter, stack and weldments is equal, it may be inferred from Figure 
2-4 and equation 2-4, that the electrical power applied by an ideal welder is equal to the amount of 
mechanical power dissipated by the welded parts (viscoelastic and friction dissipation) added to the 
power loss in the ultrasonic stack. As a conclusion, the power applied by the welder might provide useful 
information about the amount of power being dissipated by the welded parts. The applied electrical 
power can be obtained from the commercial welders as real-time values or as power versus time plots. 
The power vs time curves will be used in the following paragraphs to monitor the USW process and 
eventually to control the weld process. The power curve has already been used by several researchers to 
monitor the USW process of FRTP [15, 17, 59]. 
2.2 Viscoelasticity 
Most thermoplastic polymers and their composites, both amorphous and semi-crystalline, are 
viscoelastic material to a certain extent, while only a few of them are linear viscoelastic. However, they 
can be simplified and considered as linear viscoelastic under small straining conditions (strain values 
below 1%) [68]. This small strain case is true for most USW conditions, including the DUS 
configuration. Linear viscoelasticity means that the material properties such as relaxation modulus or 
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creep compliance are independent of stress or strain levels. On the other hand, non-linear viscoelasticity 
implies the dependency of mechanical properties on the strain or stress rates. The viscoelastic material 
share both the elasticity properties of elastic material and the viscous behaviour of fluids. Therefore, 
they can be modelled using “Hookean” springs with an elastic modulus 𝐸 and “Newtonian” dashpots 
with a viscosity 𝜂. Such as in the Maxwell model, the Kelvin-Voigt model, and the standard linear solid 
model (Figure 2-5). Each model is suitable to understand or explain a certain feature of viscoelasticity. 
For example, the Maxwell model is suitable to simulate the stress relaxation phenomenon and the 









Figure 2-5:  Models for capturing the linear viscoelastic phenomena. (a) Kelvin-Voigt model, (b) 
Maxwell model, (c) standard linear model and (d) generalised Maxwell model. 
 
In reality, the viscoelastic materials do not have a single relaxation modulus or a single compliance 
modulus. They have a spectrum of elastic and loss moduli, which in turn are strongly dependent on the 
rate or the frequency of the cause. This spectrum can be best expressed by the generalised Maxwell 
model (Figure 2-5-(d)) [70]. Additionally, the models in Figure 2-5 are useful to explain the linear 
viscoelastic behaviour of polymers subjected to loading for relatively prolonged periods. 
However, in dynamic loading or for short responses (such as during USW), the molecular model 
provides a better explanation. When subjected to a stress, polymers deform in either two or both distinct 
atomic mechanisms. The first mechanism is the changing of the lengths and the angles of the chemical 
bonds between the atoms. These changes are very small and quick (< 10-12 s). The second mechanism 
occurs when the polymer has large-scale molecular mobility and it shows large-scale rearrangements of 
the atoms. It can be understood that the small instantaneous motions represent the elastic behaviour of 
the polymer and the large-scale rearrangements are fluid-like and represent the viscosity [68]. 
The plots in Figure 2-6 provide useful illustrations of the stress-strain behaviour of the three material 
types of concern when they are subjected to cyclic loading. In the pure elastic behaviour (a), the stress 
is linearly related to the strain with a factor of 𝐸′ (storage modulus), and in the linear viscous behaviour 
of Newtonian fluids the stress is linearly related to the rate of change of the strain with a factor of 𝜂. In 
linear viscoelasticity, these two behaviours co-exist and the resulting stress vs strain curve under cyclic 
straining is an ellipse. 









Figure 2-6:  Stress versus strain curves in cyclic loading and unloading.  
(a) Elastic material with a modulus of elasticity 𝐸′. 
(b) Pure viscous fluids with viscousity 𝜂. 
(c) Linear viscoelastic material with a complex modulus 𝐸∗. 
The relationship between the stress 𝜎 and strain  for elastic material is expressed by equation 2-5 and 
for pure viscous fluids by equation 2-6. 
 𝜎 = 𝐸′ ,  2-5 
𝜎 = 𝜂 𝑑 𝑑𝑡.  2-6 
The first and second law of thermodynamics state that a change in the mechanical work 𝐹𝑑𝑥 in a material 
results in a change in the internal energy 𝑑𝐽 and/or entropy 𝑑𝑠. The amount of the change in the entropy 
is related to the temperature 𝑇 of the material, where F is a mechanical load and dx is the amount of 
displacement in the direction of the load.  
        𝐹𝑑𝑥 = 𝑑𝐽 − 𝑇𝑑𝑠. 2-7 
When a viscoelastic material is subjected to a sinusoidal varying strain, after a certain time a steady state 
will be reached eventually. The stress will be also sinusoidal and will have the same frequency of the 





Figure 2-7:  Strain and stress curves of (a) viscoelastic material and (b) elastic material 
subjected to a cyclic displacement. 




According to the curves in Figure 2-7, for linear viscoelastic material the strain and stress can be 
expressed by the following equations: 
(𝑡) = 0𝑐𝑜𝑠𝜔𝑡, 2-8 
 𝜎∗(𝑡) = 𝜎0 𝑐𝑜𝑠(𝜔𝑡 + 𝛿), 2-9 
 𝜎∗(𝑡) = 𝜎0
′ 𝑐𝑜𝑠(𝜔𝑡) + 𝑖 𝜎0
′′𝑠𝑖𝑛 (𝜔𝑡), 2-10 
| 𝜎∗| = 𝜎0 = √𝜎0
′ 2 + 𝜎0
′′2 , 2-11 
𝜎0
′ = 𝜎0 𝑐𝑜𝑠 𝛿, 2-12 
𝜎0
′′ = 𝜎0 𝑠𝑖𝑛 𝛿, 2-13 




′  . 2-14 
The stress is expressed as a complex quantity 𝜎∗, whereby its real part 𝜎′  is in phase with the strain and 
its imaginary part 𝜎′′ is 90° out of phase. The relationship between the stress and strain based on the 
complex form of stress can be expressed with two moduli: the real or storage modulus 𝐸′ and the 










The storage modulus is the ratio between the in-phase stress component and the strain, whereas the loss 
modulus is the ratio between the out-of-phase stress component and the strain [68, 69]. It is also worth 
mentioning here that these two moduli are functions of the loading frequency 𝜔 and the material’s 
temperature 𝑇 [70]. 
 𝐸∗(𝜔, 𝑇) = 𝐸′(𝜔, 𝑇) + 𝑖𝐸′′(𝜔, 𝑇), 2-16 
𝑡𝑎𝑛 𝛿 (𝜔, 𝑇) = 
𝐸′′(𝜔, 𝑇)
𝐸′(𝜔, 𝑇)
 . 2-17 
These two moduli can be determined for a given material experimentally. One of the widely used 
practical methods in laboratories is the dynamical mechanical analysis (DMA) method. In this method, 
a cyclic strain or a cyclic stress with a controlled amplitude is applied on the specimen. The loading can 
be applied in either compression, tension or bending under a range of temperatures in a thermally 
controlled chamber. The reaction to the loading or straining is captured, and from the results, the storage 
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and the loss moduli are calculated. In the present, the frequency for the loading in commercially 
available DMA is limited to 1000 Hz. Further information about the DMA can be found in the book by 
K. P. Menard [71]. Another well-known approach is to derive the loss modulus from the time-of-flight 
(TOF) and attenuation of the acoustic waves in the medium at a given frequency. However, the storage 
modulus can be derived from the speed of the acoustic wave propagation in the medium. Using this 
method, the loss and storage moduli of an epoxy material in a range of temperature has been investigated 
by McHugh et al. [72]. It has been reported that if the attenuation 𝛾 per wave vector is very small (i.e. 
if equation 2-18 is true), then the longitudinal storage 𝐸′ and the loss moduli 𝐸′′ of the viscoelastic 
material with a density 𝜌 can be predicted from the longitudinal wave propagation velocity 𝑣𝑙 and 






then  𝐸′ = 𝜌𝑣𝑙
2 
2-19 




 . 2-20 
Practically, the acoustic wave propagation velocity is calculated by measuring the TOF of a wave 
through the known thickness of the specimen. The wave attenuation 𝛾 can be calculated from the drop 
in the wave amplitude over a unit of distance in the material. The measurements can be undertaken by 
either the ultrasonic through transmission method or the ultrasonic pulse-echo method. A detailed 
investigation of the wave propagation velocity and wave attenuation in FRP can be found in [73] and a 
thorough review of non-destructive testing of FRP is provided in [74]. 
2.2.1 Viscoelasticity of Continuous Fibre-Reinforced Laminates 
The viscoelasticity of polymeric fibrous composites is much more complicated than their isotropic 
counterparts. The components of the relaxation modulus tensor in composite material can have a 
different value as well as a different time dependence in each direction [69].  
However, in the case of the continuous fibre-reinforced laminates, some approximation can produce 
reasonable and acceptable simplifications. Some of the fibre-reinforced laminates can be considered as 
Voigt and/or Reuss composites [69]. These models allow the analytical prediction of the average 
composite viscoelastic properties in the transverse and planar directions. The Reuss model can be used 
to calculate the lower bound of the transverse complex modulus of the laminated composite. The Reuss 
model assumes that a laminate comprises subsequent stacked layers of matrix and fibres. Thus, the stress 
is the same in all subsequent layers of the laminate. Given that the matrix is homogeneous and isotropic 
with a complex modulus 𝐸𝑚
∗ , the fibre transverse modulus is 𝐸𝑓3
∗ , the Poisson’s ratio mismatch is 
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neglected and the sum 𝑣𝑚  + 𝑣𝑓 = 1, in which 𝑣𝑚 and 𝑣𝑓 are the volume fractions of the matrix and the 
fibre respectively, then the composite transverse complex modulus 𝐸𝑐3
∗  can be calculated according to 










 . 2-21 
On the other hand, the Voigt model is suitable to calculate the viscoelastic behaviour of laminates that 
are loaded in the planar direction. It is considered that the strain in each layer is equal, whereby by 
neglecting the mismatches in the Poisson’s ratios and assuming that there is no slip between the layers, 
the complex Young’s modulus of the composite 𝐸𝑐,1
∗  can be given by equation 2-22, where 𝐸𝑚
∗  and 𝐸𝑓1
∗  
are the matrix complex modulus and fibre complex modules in the planar direction, respectively.  
𝐸𝑐,1
∗ = 𝐸𝑚
∗ 𝑣𝑚 + 𝐸𝑓,1
∗ 𝑣𝑓  . 2-22 
An analytical approach to explain the viscoelasticity of composites is discussed by Obaid and Kortschot 
et al. [75]. In their work, analytical methods to predict the viscoelastic properties of glass fibre-
reinforced composites are discussed. The viscoelastic properties have been investigated for different 
fibre volume fractions at different fibre lengths. One of the findings in their work has been that when 
the fibre volume fraction exceeds a certain percentage and the fibre length/diameter aspect ratio is 
sufficiently high (fibre length/diameter>100,000) they might be considered as continuous fibres. Thus, 
the stress relaxation modulus significantly increases and it approximates the elastic behaviour of the 
fibres themselves. Another analytical method is discussed by E.J. Barbero [76]. The stiffness of the 
continuous fibre-reinforced composite for the one-dimensional case has been assumed as in the Voigt 
model, then the stiffness tensor has been written in the Carson Domain, and finally the stiffness of the 
composite in the time domain has been calculated by conducting the inverse Laplace transformation. 
This approach can be extended to be applied for the three-dimensional case. Chandra et al. [77] have 
conducted a thorough literature review of the damping properties of fibre-reinforced composites. It can 
be inferred from their work that damping of vibrations in composites is not only due to the viscoelastic 
damping of the matrix and/or fibres but also due to interphase effects. As a conclusion, it can be inferred 
from these discussions that the continuous fibre-reinforced laminate can be approximated as almost only 
elastic in the fibre directions and viscoelastic in the transverse direction. 
2.2.2 Viscoelastic Heating of CFRTP during the DUS Welding 
If a CFRTP laminate with a volume 𝑉 is subjected to a cyclic displacement 𝑍(𝑡) with an amplitude 𝑍0 
and an ultrasonic frequency 𝜔, through a metallic sonotrode (Figure 2-8), then the laminate undergoes 
a cyclic strain (𝑡) and a cyclic stress  𝜎∗(𝑡) with the same ultrasonic frequency 𝜔. The equations for 
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the cyclic displacement, the resulting cyclic strain and the cyclic stress in the direction of displacement 
z are given in the following equations 2-23, 2-24, 2-25, 2-26 and 2-27. 
𝑍(𝑡) = −𝑍0sin(𝜔𝑡), 2-23 
(𝑡) = 0 sin(𝜔𝑡), 2-24 
0 = 𝑍0ℎ, 2-25 
 𝜎∗(𝑡) = 𝐸c,3
∗
0 , 2-26 
 𝜎∗(𝑡) = 𝐸𝑐,3
′
0 𝑠𝑖𝑛(𝜔𝑡) + 𝑖𝐸𝑐,3
′′
0 𝑐𝑜𝑠(𝜔𝑡). 2-27 
   
 
Figure 2-8:  Visualisation of a one-ply-laminate deformation during a cycle of USW. 
 
If it was considered that the fibre volume of 𝑉𝑓 = 𝑣𝑓𝑉 is equal to the matrix volume 𝑉𝑚 = 𝑣𝑚𝑉 then the 
strain in the matrix layers would be much greater than the strain in the fibre layers, because the fibre 
layers (in this case, carbon fibres) have much higher transverse stiffness than the thermoplastic matrix. 
According to the Reuss model, the complex stresses in the fibres and the matrix of the laminate are equal 
to 𝜎∗(𝑡). Consequently, the strain amplitudes in the matrix layer 𝑚0 and in the fibre layer 𝑓0 can be 
calculated as fractions from the entire applied strain by 
𝑚0. 𝐸𝑚
∗ = 𝑓0. 𝐸𝑓3
∗ = 0. 𝐸𝑐3
∗ . 2-28 
The amount of work 𝛿𝑤 undertaken at an instant of time 𝑑𝑡 to deform a unit of volume of the laminate 
can be calculated by equation 2-29 [17, 54, 55]. 
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The total work 𝑤𝑣𝑖𝑠 per one ultrasonic cycle to deform a unit of volume of the laminate can be derived 
from integrating equation 2-29 over the period of an ultrasonic cycle (i.e. 0 to 2π ω⁄ ) as in  
equation 2-30. 









By substituting the complex stress from equation 2-27 into equation 2-30 and solving, results in the 
amount of energy dissipated by viscoelastic damping through an ultrasonic cycle in the laminate unit of 
volume. The solution of equation 2-30 is achieved through equations 2-31, 2-32, 2-33 and 2-34. 














































𝑤𝑣𝑖𝑠 = 0 + 𝜋𝐸𝑐,3
′′
0
2 . 2-34 
The energy stored in the first half of the cycle is returned back to the environment in the second half, 
and the dissipated energy by the viscoelastic material is assumed to be fully converted into heat. 
However, the heat is mainly generated by the matrix. If equation 2-34 is used to predict the heat 
generation by viscoelastic strain energy dissipation, then the calculated heat will be underestimated. In 
a CFRTP, the transverse elastic modulus of the fibres is much greater than the complex modulus of the 
polymeric matrix 𝐸𝑓,3
∗ ≫ 𝐸𝑚
∗ ; consequently, the strain component in the matrix becomes much greater 
than the strain component of the fibre 𝑚 ≫ 𝑓. In addition, the loss modulus of the matrix is much 
greater than the loss modulus of the composite 𝐸𝑚
′′ ≫ 𝐸𝑐,3
′′ . Therefore, the equation 2-34 should be 
modified and the strain component in the matrix layer 𝑚0 and the matrix loss modulus 𝐸𝑚
´´  should be 





2  . 2-35 
The volumetric heat generated by viscoelastic dissipation can be averaged through equation 2-36 to ?̇?𝑚 
by dividing the amount of heat per cycle 𝑞𝑚 from equation 2-35 over the cycle period 2π ω⁄ . In case of 
high vibration amplitudes and small static forces, the laminates do not follow the oscillation of the 
sonotrode. Therefore, the hammering effect should be taken into consideration [54, 54, 55]. The 
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hammering effect means that the sonotrode becomes separated from the welded parts for a certain period 
of the cycle and hammers back for only a portion of the cycle. The phenomenon of hammering is 
schematically illustrated in Figure 2-8. The sonotrode separates from the laminates and no energy is 
dissipated during the third and fourth quarters of the ultrasonic oscillation cycle.  The hammering effect 








Graphically, the amount of energy dissipated by the viscoelastic damping can be represented by the 
volume inside the hysteresis loop of the stress vs the strain curve in Figure 2-6-(c). The loading and 
unloading paths are not similar, and some amount of energy is dissipated as heat due to viscoelastic 
damping [17, 18, 55, 69]. 
2.3 Frictional heating at the Weld Interface during the DUS Welding 
In the DUS welding configuration as illustrated in Figure 1-4, the welding takes place between an 
ultrasonic sonotrode and an anvil. The most general case requires a flat-end cylindrical sonotrode that 
has a contact diameter 𝐷ℎ  larger than the contact diameter of the flat-end anvil 𝐷𝑎. The presence of the 
difference in the diameters causes the laminates to deform under the cyclic displacement 𝑍(𝑡) in such a 
way that they bend and compress simultaneously. The cyclic displacement is applied perpendicular to 
the laminate surface and is expressed with equation 2-23.  
The mating laminates are assumed to bend, and thus the in-plane deformations of the laminates at the 
contact interface occur in opposite directions, i.e. the contact surface of the upper laminate deforms in 
compression and the bottom laminate in extension. Therefore, a relative movement occurs between the 
contacting surfaces. From this phenomenon, the term differential ultrasonic spot welding is derived. 
This is illustrated schematically in Figure 2-9.  
 
Figure 2-9:  Assumption for the deformation shape of the laminate pair between the sonotrode and 
the anvil ends at the instance of maximum compression during the DUS welding. 
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The amount of heat generated by the friction per unit area at a time instance 𝑑𝑡, or the heat flux density 
can be calculated by considering the majority of the energy dissipated in the interface due to Coulomb 
damping into heat. The dissipated energy by friction damping 𝛿𝑤𝑓𝑟𝑖𝑐  at a time instance of a unit of area 
𝛿𝑆 is calculated by equation 2-37.  Where 𝜎𝑖𝑛𝑡(𝑡) is the interfacial pressure, 𝑢(𝑡) is the local slippage, 





It is common that the ultrasonic vibrations are accompanied with a static force 𝐹𝑤 applied through the 
sonotrode. The static force provides a proper contact of the sonotrode to the welded parts. This static 
force creates a static pressure 𝜎𝑠𝑡𝑎𝑡 in the interface between the laminates. The interfacial static pressure 
is considered to remain constant throughout the welding process. On the other hand, the cyclic 
deformation applied through the sonotrode causes a cyclic pressure 𝜎𝑑𝑦𝑛 on the laminate-laminate 
interface (see equation 2-38). The slippage amplitude 𝑢0(𝑥, 𝑦) is maximum at the outer diameter of the 
weld spot, and it gradually reduces until it reaches a minimum value at the weld centre. 
𝜎𝑑𝑦𝑛(𝑡, 𝑥, 𝑦) = 𝜎𝑑𝑦𝑛0(𝑥, 𝑦) 𝑠𝑖𝑛(𝜔𝑡), 2-38 
𝜎𝑖𝑛𝑡(𝑡, 𝑥, 𝑦) = 𝜎𝑑𝑦𝑛(𝑡, 𝑥, 𝑦) + 𝜎𝑠𝑡𝑎𝑡(𝑥, 𝑦). 2-39 
𝑢(𝑡, 𝑥, 𝑦) = 𝑢0(𝑥, 𝑦) 𝑠𝑖𝑛(𝜔𝑡). 2-40 
The energy dissipated in a quarter of a cycle per unit area at a given location can be calculated by 




). This is solved through 
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The amount of heat generated per unit area per unit time can be averaged by dividing the amount of heat 
generated per cycle over the cycle period 2π ω⁄ . The 𝑤𝑓𝑟𝑖𝑐  in equation 2-45 represents the energy 
dissipated per quarter of the cycle. Thus, in order to calculate the friction heat flux ?̇?𝑓𝑟𝑖𝑐 , the 𝑤𝑓𝑟𝑖𝑐  should 
be multiplied by 2. Because the friction only generates heat during half of the cycle and in the other half, 
there is no significant interfacial pressure. According to the assumption in Figure 2-8, the hammering 













This result partially matches the calculations of Levy et al. [55], with the difference that in this above 
formula the static pressure component is separated from the dynamic pressure component. A similar 
friction dissipation behaviour is also present at the sonotrode and anvil contact interfaces with the 
laminates, albeit with different amplitudes. 
2.4 Fusion Mechanism during the USW 
In order for two polymer composites to bond by fusion through the mechanism of self-diffusion or 
autohesion, two main criteria need to be fulfilled, namely intimate contact and healing. The intimate 
contact reflects the amount of the physical area that is in full contact at the interface between the bonded 
parts as they are pressed against each other.  The healing defines the diffusion of the polymer chains 
through the boundaries that are in intimate contact. The polymer diffusion or autohesion, is not possible 
without sufficient intimate contact [78]. 
2.4.1 Contact of the Matrix at the Weld Interface 
In reality, perfect contact is not achievable by simply bringing the surfaces together, due to the 
irregularities present on the surfaces of the materials. Consequently, only a fraction of the total interface 
area is initially in contact. When welding thermoplastic composites, surface asperities and irregularities 
can be deformed and the intimate contact area is increased by pressing the parts against each other. 
These irregularities become more deformable at higher temperatures. The behaviour of the surface 
irregularities under pressure at higher temperatures noticeably differs between a semi-crystalline matrix 
composite and an amorphous matrix one.  
In most cases in which composites with a semi-crystalline polymer matrix are brought together and 
heated up at the interface, the degree of intimate contact slightly increases until the melting temperature 
is exceeded. After this point, the viscosity of the melt is so low that the intimate contact is almost 
irrelevant. Butler et al. [79] have used the Mantell-Springer model to represent the intimate contact. This 
model represents and approximates the surface irregularities as identically sized rectangular elements. 
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The degree of intimate contact can be increased by either increasing the pressure or reducing the 
viscosity of the polymer, whereby the latter can be achieved by increasing the temperature. The 
establishment of the intimate contact is an essential precondition for the diffusion of the polymer chains 
through the interface to initiate and eventually ensure healing of the interface. 
2.4.2 Healing of the Weld Interface through Autohesion 
The autohesion model according to Loos and Dara [78] can be used to explain the relationship between 
the processing parameters (e.g. temperature, contact time) and the bond strength of joints between 
identical polymer composites. Healing involves the diffusion of the polymer chains through the surfaces 
of the polymers, which are in intimate contact. This diffusion of the polymer chains is widely accepted 
by researchers to be modelled using the reptation theory, which was first introduced by De Gennes in 
1971 [80]. The model states that a polymer chain cannot intersect with any of the surrounding chains. 
The only motion that a chain can undertake is the worm-like displacement through the surrounding 
chains. Moreover, this motion is more obvious at elevated temperatures, usually above the glass 
transition temperature of the amorphous polymers. 
Based on De Gennes’ reptation theory, [80] Loos and Dara [78] suggest that the bond strength gradually 
increases above the glass transition temperature with time. At these temperatures, the polymer molecules 
gain sufficient energy to leave their initial position by reptation. Some of the molecules at the interfaces 
might move and cross the boundary between the two contacting polymers, which continues until the 
boundary gradually disappears and the parts are bonded by inter-diffusion. By increasing the contact 
time at a fixed temperature, on the one hand more chains inter-diffuse and on the other the inter-diffused 
chains move further until full entanglement occurs. At this point, the maximum reachable autohesion 
strength is said to be reached. This time of maximum bonding strength is reduced by increasing either 
the degree of intimate contact, the temperature or both. At higher temperatures, the molecules gain more 
energy and diffuse much faster. A thorough investigation of the autohesion of polymers and the 
mechanisms of polymer diffusion through boundaries is presented by Awaja in [81]. 
In Figure 2-10, a schematic illustration is provided to explain the three main autohesion mechanisms at 
the polymer-polymer interface subjected to intimate contact. In the molecular bonding case, chemical 
bonds formed at the contact interface provide the bond strength. The chain inter-diffusion occurs by the 
reptation of the molecule chains through the boundaries that are in intimate contact. If the polymer 
chains gain sufficient energy and reptate further and entangle with the polymer chains of the 
neighbouring part, the third kind of autohesion is achieved. 









Figure 2-10:  Schematic representation of the bonding mechanisms of polymers across 
boundaries.  
(a) Molecular bonding  
(b) Chain inter-diffusion  
(c) Chain entanglements [81]. 
 
Based on the thermoplastic type, in order to reduce the welding time the weld temperature should be 
sufficiently above the 𝑇𝑔 (for amorphous polymers) or above 𝑇𝑚 (for semi-crystalline polymers) and the 
pressure should be sufficient to deform the surface roughness and establish an intimate contact with a 
degree of close to unity. It can also be inferred here that this approach also ensures a weld joint with 
minimal defects, such as air bubbles and gaps.  However, in the case of composites with a semi-
crystalline polymer matrix, theoretically the diffusion or autohesion occurs almost instantaneously as 





3 Experimental Analysis of the DUS Process 
In this chapter, the experimental investigations conducted on the differential ultrasonic spot welding are 
presented and discussed. The aims of these experiments were the explanation of the weld spot formation 
and the investigation of the various process factors and process variables on the weld results. The results 
of the experiments were used to prepare the basis for the following process modelling and simulation 
analysis. The weld spot formation and development over time were observed by measuring and 
recording the time trace of the temperature in the weld spot centre. The temperature measurement was 
achieved by placing a thermocouple in the weld centre and measuring the temperature values during the 
welding process. Subsequently, the influence of the temperature on the weld spot quality was studied 
by analysing the shape of the weld spots and their defects through computed tomography (CT) scans. In 
the second level of the experimental analysis, the correlations between some of the main process 
variables (i.e. temperature or weld duration) and the resulting weld strength and quality were the focus. 
This was achieved by controlling the temperature at the weld spot centre for various weld durations. The 
temperature was controlled around a set-point (SP) by a proportional–integral–derivative (PID) 
controller. The weld strength was evaluated by measuring the force at break of the weld spots subjected 
to a cross-tension load. During the experimentation, the sources of the defects in the weld spots were 
investigated and the second hypothesis “The formation of the cavities in the weld spot is due to the 
overheating and consequently the thermal decomposition of the matrix” was discussed. 
3.1 Experimental Setup 
The instruments used for creating and monitoring the welds comprised a commercial ultrasonic welder, 
a flexible clamping unit attached to the welder table, a digital temperature measurement unit and a data 
recording system supported by an external programmable microcontroller (Figure 3-1). Additionally, in 
order to verify the stability of the welding process the displacement amplitude of the vibrations at the 
sonotrode-end were measured through an in-plane laser vibrometer. 
The cross-tension testing method was implemented through a universal tensile testing machine to 
determine the maximum force at which the weld spot failed and thus the weld spot strength was 
calculated. The weld spot shape and the defects of the welds were qualitatively evaluated through CT 
scans and microscopic images of a number of samples from the welded laminates.  
 




Figure 3-1:  Schematic illustration of the welder, the measurement system, the microcontroller 
and their wiring. 
(The programmes of the microcontroller are given in Appendix 1 and 2). 
 
Ultrasonic Welder 
The implemented welder for the experimental study was a stationary weld press from Telsonic 
Ultrasonics (TELSONIC AG). The welder comprised a MAG ultrasonic generator with an integrated 
TCS5 controller, a 30 kHz ultrasonic stack, a pneumatic USP3000E-100-1 press and a rigid aluminium 





Figure 3-2:  Ultrasonic welding instrument.  
(a) The main components of the ultrasonic welder used for the experiments. 
(b) The 30 kHz ultrasonic stack. 
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The generator converted the 230 V @ 50 Hz alternating current from the power supply into f=30 kHz 
alternating signal with a 2400 W maximum power output. The integrated controller served to induce an 
adjustable and stable vibration amplitude in the piezo-electric converter. The stack comprised a piezo-
electric converter, a titanium 1.5:1 half-wavelength booster and a 4:1 steel half-wavelength step 
sonotrode. The sonotrode had a round contact-end with a diameter 𝐷ℎ = 18 mm. The USP3000E-100 
press was capable of applying a weld force 𝐹𝑤 and a solidification force ranging from 100 N and up to 
3000 N. The force was set through adjustment of the air pressure in the pneumatic actuator (Figure 3-2). 
Specimen Clamping Device 
The DUS process is sensitive to any stress/strain concentration at and around the sonotrode/anvil contact 
zones. If the anvil-end is not parallel to the surfaces of the welded laminates and the sonotrode-end, then 
the stress concentration at the edge of the anvil leads to heating and melting at that location. If the welded 
laminates are not parallel to each other, then the cyclic strain concentrates at their contact edge and thus 
the heating and subsequent welding initiation focuses there. In order to avoid these undesired 
melting/welding occurrences at arbitrary locations away from the desired weld spot, a flexible clamping 
system was designed and implemented (Figure 3-3 and Figure 3-4). The specimen fixing system ensured 
the parallelism between the contacting surfaces of each the laminates, the sonotrode and the anvil. The 
anvil comprised a steel rigid base attached with six bolts to the aluminium base plate of the clamping 
device. The anvil-end that had a contact diameter 𝐷𝑎 = 10 mm was machined by cutting and polishing 
the top of a steel. The semi-spherical anvil end was positioned in the anvil base by clearance fitting, 
while supported from the bottom at a point through an adjustable setscrew. 
 
Figure 3-3:  Schematic drawing of the specimen positioning and clamping device. 
 
The laminates were placed on the flexible support blocks in a cross-overlapped configuration. Each 
laminate stripe was fixed to the corresponding flexible block by two horizontal hold-down clamps. The 
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support blocks holding the two laminates were independent from each other and were fixed to the base 





Figure 3-4:  Flexible clamping system used for the experimental studies. 
(a) Specimen/laminates clamped. 
(b) Fixture system open. 
 
This configuration eliminated the movement of the laminates in the planar direction while allowing the 
slight movement in the out-of-plane direction (𝑈𝑧). In addition, it allowed the rotations around the two 
planar axis for each laminate (𝑅𝑥  and 𝑅𝑦). This ensured the parallelism of the laminate pair to each other 
and the sonotrode. The degrees of freedom allowed by the specimen clamping system are illustrated in 
Figure 3-5. The influence of the misalignment between the sonotrode and the welded laminates was 
investigated by Zhi et al. [82]. 
 
Figure 3-5:  Cross-overlap configuration of the laminate pair. Indicated with the arrows are the 
degrees of freedom for the upper laminate (the same degrees of freedom apply for the 
bottom laminate). 
 




A universal plug-n-play measurement system from HBM (Hottinger Baldwin Messtechnik GmbH) was 
used throughout the experimental studies. A K-type thermocouple signal amplification module (HBM-
MX1609KB), a universal signal amplification module (HBM-MX840B) and an analogue output module 
(HBM-MX878B) connected to the data recorder (HBM-CX22W) comprised the measurement system 
(Figure 3-6).  
The system was used to carry out the temperature measurements, the weld power recording and the 
analogue/digital signal amplification for the communication with the microcontroller. The data 
acquisition rate was 𝑓𝑠 = 300 Hz, filtered through a built-in digital Bessel low-pass filter with a 
frequency of 50 Hz. An Arduino Duo microcontroller (Arduino AG) was added to the measurement 
system and was implemented for the active amplitude adjustment tasks. It was used for the PID 
temperature-controlled welding experiments as well as the power-controlled welding. The wiring of the 
measurement system with the welder generator, the built-in controller and the microcontroller is 
illustrated schematically in Figure 3-1. The ultrasonic generator provides the amount of power consumed 
in real time in terms of an analogue 0-10 V signal. 0 V corresponds to 0 W of power and 10 V 
corresponds to 2400 W. The generator can output a digital 24 V trigger signal. As soon as the ultrasonic 
vibrations initiate the trigger signal switches to HIGH. The data acquisition system read these signals, 
filtered the noises from them, converted them into physical values and stored them parallel to the 
thermocouple signals. At the same time, the analogue output module converted the physical values of 
temperature and power into voltage, albeit in the range of 0-3.3 V, which was suitable for the 
microcontroller. 
 
Figure 3-6:  Universal plug-n-play measurement system used for the data acquisition during the 
experimental analysis of the USW. 
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The displacement amplitude at the end of the sonotrode was adjusted through the internal controller of 
the welder in terms of percentage from the maximum-available amplitude 𝐴 = 100𝑍0/𝑍100%, where 𝑍0 
is the displacement physical amplitude at the end of the sonotrode and the 𝑍100% is the maximum-
available amplitude that the sonotrode can provide. During welding, 𝐴 % can be varied through an 
external analogue signal. 10 V analogue signal from the external controller sent to the generator 
terminals corresponds to 𝐴 = 0 % amplitude and 0 V corresponds to 𝐴 = 100 %. The microcontroller 
determined the percentage of the displacement amplitude 𝐴 and outputted it in terms of a 0-3.3 V 
analogue signal, whereby the measurement system amplified the voltage signal to 0-10 V and fed it to 
the ultrasonic built-in controller. The function of the microcontroller will be discussed in detail in each 
relevant paragraph. 
In-Plane Laser Vibrometer 
The vibration amplitude, frequency and the shape of the vibrations at the sonotrode-end was measured 
by using an in-plane laser vibrometer.  It was capable of measuring the velocity of the vibrations at the 
laser focus point. The data recording sample rate 𝑓𝑠 = 510 kHz was sufficient to capture the shape of 
the 30 kHz vibrations with a detailed resolution. The implemented vibrometer system was the IPV-100E 
from Polytec GmbH. It had a laser wavelength of 670 nm and a laser spot size at the point of focus of 
160×340 µm. It had a resolution of < 10 µm s⁄ /√Hz  in detecting oscillation velocity. The measurement 
configuration is illustrated schematically in Figure 3-7. The data storage of the vibrometer measurements 
was undertaken in a separate high-speed recorder and was later analysed through a desktop personal 
computer. 
According to the in-plane laser vibrometer measurements, the ultrasonic stack provided at the sonotrode-
end a maximum base-to-peak displacement amplitude 𝑍100% = 0.028 mm in no-load operation. The 
curve shape of the vibration displacement versus time was measured with a high resolution and was 
found to be sinusoidal. In Figure 2-2, the displacement versus time curve is plotted for two time scales. 
 
Figure 3-7:  Schematic illustration of the in-plane laser vibrometer. 





The cross-tension test method was adopted to study the strength of the DUS welded spots. The cross-
tension method was originally developed to test the load-carrying capacity of the resistance-welded 
spots or riveted joints between sheet metals. Even though the cross-tension approach is considered an 
efficient method for comparatively testing the load capacity of the weld spots, it fails to provide accurate 
quantitative measurements of the ultimate strength.  
The welded specimens were created by positioning the laminates as illustrated in Figure 3-5 and 
applying the DUS weld on their coinciding centre of symmetries. The cross-tension test was carried out 
by clamping the welded laminates at their ends (the parts extending outside the overlapping area) using 
the fixing tool shown in Figure 3-8. The tension load was applied by a Hegewald-Peschke universal 
tension/compression testing machine (Hegewald & Peschke Meß- und Prüftechnik GmbH), which has 
a nominal load capacity of 10 kN.  The connecting ends of the clamping tool were fixed in the grips of 
the tension machine and a tension displacement was applied with a constant feed rate of 2 mm/min 
until the weld spot failed. The force at weld break 𝐹𝑏 was considered for the comparative analysis. The 
ultimate weld spot strength 𝜎𝑏 was determined by dividing the 𝐹𝑏  over the resulting weld spot fracture 
surface area 𝑆𝑓. The 𝑆𝑓 were measured by image measurement methods, whereby digital images of the 
spot fracture surfaces were captured through a digital camera integrated onto a stereo microscope. The 










Figure 3-8:  Schematic of the specimen-clamping tool for the cross-tension test.  
(a) Isometric view of the clamping tool.  
(b) Front view  
(c) Section view illustrating the main components. 
 




The composites used for the DUS welding investigations in the frame of this research work were 2x2-
twill carbon woven fabric-reinforced thermoplastic sheet laminates (Solvay S.A.). The choice of the 
laminate type (fabric and matrix) was made based on the application demands in industry at the time. 
The matrix was a high fluidity PA66 (Evolite XA1481, Solvay S.A.). The laminates were consolidated 
with the hot-plate press approach. The final thickness of ℎ = 2.1 ± 0.05 mm resulted from the stacking 
and hot pressing of seven prepregs in the cross-ply sequence with a nominal fibre volume fraction of 52 
%. The experiment relevant mechanical and thermal properties of the laminates are given in Table 3-1. 
Microscopic images of the laminates are given in Figure 3-9. The in-plane 0° and 90° elastic moduli 
(𝐸𝑐,1
′  𝑎𝑛𝑑 𝐸𝑐,2
′ ) were determined by conducting a static pull test according to the International 
Organisation for Standardization ISO-527-4 procedures.  
Table 3-1:  Relevant thermal and mechanical properties (at room temperature) of the investigated 
CF-PA66 laminates. 
property value 
Matrix PA66 (Evolite XA1481) 
Fabric 2×2 Twill 
Filament/tow 12 K i 
Fibre T-700 carbon fibre 
𝜌𝑐𝑜𝑚𝑝 (density of the composite) 1515 kg/m3 
𝐸𝑐,1
′ ,  𝐸𝑐,2
′   (in-plane storage modulus of the composite) 55    GPa 
𝐸𝑐,3
′  (transverse storage modulus of the composite) 11.5 GPa 
𝑇𝑔 (glass transition temperature of the matrix) 53 °C 
ii 
𝑇𝑚 (melting point of the matrix) 260 °C 
ii 
𝑇𝑑𝑖  (thermal decomposition initiation temperature of the matrix) 358 °C [83] 
𝑇𝑑  (thermal decomposition temperature of the matrix) 400 °C [83] 
 
The transverse elastic 𝐸𝑐,3
′  (instantaneous) modulus was calculated by the ultrasonic pulse-echo testing 
method. In this case, an ultrasonic pulse of 5 MHz was impulse into the thickness of the laminate and 
the echo arrival time to the transducer was recorded. Given the thickness of the laminate is precisely 
known at that location, the speed of sound was calculated. Eventually, the transverse elastic storage 
modulus at room temperature was calculated from equation 2-19, given by McHugh et al [72]. The 
composite density was taken from the material datasheet as 𝜌𝑐𝑜𝑚𝑝 = 1515 kg/m
3 and the measured 
speed of sound in the thickness direction at room temperature was 𝑣𝑙 = 2764 m/s. The PA66 matrix is 
a semi-crystalline thermoplastic polymer, whereby this choice simplified the analysis for two reasons: 
 
 
i 12K: 12,000 filament 
ii The differential scanning calorimetry heating rate was 20 °C/min and starting temperature was 23 °C 
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first, the semi-crystalline polymers have clear transition, melting and decomposition temperatures (at a 
given heating rate); and second, the need to study the influence of the diffusion and healing of the joint 
is minimized. It has been reported in literature that the semi-crystalline polymers diffuse almost 
instantaneously as soon as the matrix melts [78, 79]. 
The specimens were cut from 800 mm ×  980 mm ×  2.1 mm sheet laminates into 98 mm ×  48 mm 
stripes with a tolerance of ±0.5 mm in both directions. The cutting was undertaken using a water-
cooled diamond particle abrasive disc. The cut laminate stripes were dried in a forced convection-
drying oven at 75 °C for a minimum duration of 96 h prior to welding to ensure that the laminates were 





Figure 3-9:  Microscopic images of the 12K 2x2 twill carbon fabric-reinforced PA66 laminate. 
(a) Laminate top view. 
(b) Laminate cross-section perpendicular to the 0° fabric orientation. 
 
The specimens were removed from the drying oven and cooled down to the room temperature before 
welding. The water content of the composite has a significant influence on the damping properties and  
[84, 85] the strength of the composite [86]. The edges of the laminate stripes were carefully 
smoothened using a deburring tool to avoid any strain concentrations during welding at the crossing 
points. 
3.2 Experimental Procedure, Results and Discussions 
The welding of the specimens throughout the experimental studies were undertaken in a similar 
approach: the dried laminate stripes were removed from the drying oven and were slowly cooled down 
to room temperature. Subsequently, the surfaces were cleaned by wiping them with an isopropanol 
wetted microfiber cloth. The laminate stripes then were carefully placed and clamped as illustrated in  
Figure 3-5 in the fixture system (see also Figure 3-4-(a)). The parameters for the welding were selected 
according to the experimental plan relevant for each study. The main process parameters were: 
- The vibration displacement amplitude 𝐴 % in terms of percentage from the total available 
amplitude. 
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- The static pressure applied by the pneumatic press during the vibration period in units of bar. 
- The duration of the ultrasonic vibration. It is henceforth called the weld duration 𝑡𝑤 in SI units 
of s. 
- The static pressure applied by the pneumatic press after the vibration interruption during the 
solidification phase (solidification pressure/hold pressure). 
- The duration of the pressure application during the solidification phase (hold time). 
However, for the sake of clear discussion, the displacement amplitude values are given in the experiment 
plans as 𝑍0  in units of mm and the static pressure values are recalculated into static force values as 𝐹𝑤 
in units of N. 
As soon as the welding was triggered, the pneumatic press moved the sonotrode towards the weldments 
and pressed them (in this case the laminate stripes) against the anvil. After the pressure stabilised for  
0.5 s, the ultrasonic vibrations initiated and continued for the pre-set weld duration 𝑡𝑤. Subsequently, 
the vibrations were interrupted and the sonotrode continued to press the weldments with the 
solidification pressure for the pre-set hold time duration (reference Figure 3-11). After the weld was 
completed, the welded specimens were visually inspected and stored for further testing. The specimens 
that were completely distorted were expelled and disregarded. For some experiments, additional 
functions and systems were added to serve special requirements. These additions are stated in each 
relevant paragraph. The method used for each experiment is also described in each of the relevant 
sections. 
3.2.1 Weld Progress and Formation Analysis 
Weld Spot Fracture Surface Investigation at Various Weld Durations 
The weld spot formation over time was monitored in two distinct approaches. Initially, a simple stepwise 
investigation was performed, in which eleven DUS welds were carried out with various weld durations 
in a range 0.4 s ≤  𝑡𝑤  ≤ 2.4 s. The weld duration was increased between the successive welds with an 
increment of 0.2 s. The remaining parameters used for welding were kept unchanged (see Table 3-2). 
At each weld duration case, the weld spot was broken and the resulted spot fracture surfaces were 
qualitatively investigated using a stereo microscope. The fracture surfaces provided rough information 
about where and when the thermoplastic matrix diffusion initiated and how it had progressed. A similar 
approach was used by Villegas [15] to monitor the joint development between ultrasonically-welded 
laminate pairs.  
The fracture surfaces of the DUS welded spots are illustrated for each weld duration in Figure 3-10. The 
centre point where the weld spot was applied is marked as the crossing point of the two broken lines. 
No traces of the matrix diffusion were observed in the weld interface up to the weld duration of  
𝑡𝑤 ≤ 0.4 s. In the following period 𝑡𝑤 > 0.4 s, the diffusion of the matrix initiated off-centred on or 
around a circumference of an imaginary circle, which is hereafter called the weld apex. 
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Table 3-2: Parameters used for the weld spot formation monitoring experiments. 
weld parameter value 
𝑍0 0.023
 mm 
𝐹𝑤 650 N 
𝑡𝑤 0.4 s ~ 2.4 s with an increment of 0.2s 
Solidification force 600 N 
Solidification hold time 2 s 
The weld apex had an approximate diameter 𝐷𝑊𝐴, in most of the observed fracture surfaces, equal to 
the diameter of the anvil (in this case 𝐷𝑎 = 10 mm) and it is marked in Figure 3-10 as a circle with a 
yellow dotted circumference. At the time period 0.6 s < 𝑡𝑤 < 0.8 s, the diffusion occurred in a second 
off-centred location inside the weld apex. In the following stages and up to the 𝑡𝑤 < 1.8 s, the weld spot 
grew inwards until the matrix diffusion occupied the entire weld centre. In the time period 𝑡𝑤 > 1.8 s 
the weld spot continued to grow outwards of the weld apex into the weld rim. However, it was observed 
that a prolonged weld duration caused a thermal decomposition of the matrix [87, 88] in the weld centre. 
In addition, the surface markings of the sonotrode and the anvil on the outer surfaces of the welded 
laminates became recognisable.  
 
Figure 3-10:  Fracture surfaces of the weld spots with incrementally increasing weld durations. The 
theoretical weld apex is shown as the circle with the dotted yellow circumference and 
a diameter 𝐷𝑊𝐴 = 10 mm.  
As a conclusion, the matrix diffusion in the weld spot during a DUS welding initiates at islands at and 
around the so-called weld apex, after which the diffusion continues inwards into the weld centre. As 
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soon as the weld centre softens or melts, the weld growth becomes rapid and extends outside of the weld 
apex into the weld spot rim. Figure 3-11 gives a schematic illustration of the weld spot progress and 
formation during the DUS welding of CFRTP. 
 
Figure 3-11:  Schematic illustration of the primary stages for the weld spot progress and formation 
during the DUS welding process. 
 
Temperature Development in the Weld Spot Centre 
The time trace of the temperature in the weld centre was measured under several welding conditions. 
The measurements were conducted by using a K-type thermocouple and the temperature signal was 
amplified and stored parallel to the power values using the HBM data recorder (see section 3.1) with a 
sample rate of 𝑓𝑠 = 300 Hz. The measured temperature was filtered using a low-pass Bessel filter at 50 
Hz. For the temperature measurement experiments, the thermocouples were prepared by isolating, 
twisting and arc welding the ends of a fine gauge 40 (wire diameter 𝜙 = 0.08 mm) K-type thermocouple 
wire pair (TG-KI-40-SLE, Omega Engineering GmbH).  
The centre of the laminate was marked with the aid of a digital calliper. A notch was cut in the middle 
of the two long sides of the laminate stripe. The thermocouple was positioned in the marked centre and 
the wires were pulled sideways through the notches (see Figure 3-13), where they were glued using a 
fast curing adhesive (Loctite 401, Henkel AG and Co. KGaA). The laminates were positioned on top of 
each other in a crosswise arrangement in a way that captured the thermocouple on their centre and on 
the centre axis of the ultrasonic stack (Figure 3-12). The positioning and constraining of the laminate 
stripes were achieved using the fixture shown in Figure 3-4. A 0.2 s pulse of ultrasonic vibration with 
an adequate 𝐹𝑤 = 350 N was applied through the horn on the top laminate to embed the thermocouple 
into the laminates.  




Figure 3-12:  Schematic drawing of the cross-tension test specimen illustrating the laminate 
placement, dimensions and the thermocouple location in relation to the designated 
weld spot. 
 
Using this approach, the positioning of the thermocouple was guaranteed and the effect of the strain 
concentration around the thermocouple was reduced. Computed tomography scans of the weld spots 
confirmed that the thermocouples remained unaffected after the welding process (compare Figure 3-20). 
 
Figure 3-13:  Thermocouple placement on the laminate and a magnified photo of the K-type 
thermocouple. 
 
Several researchers have claimed that the presence of the thermocouple in the weld spot might influence 
the welding process [15, 89]. Nevertheless, due to the lack of effective methods to measure the 
temperature in the weld zone during USW, the thermocouple measurement approach has been 
implemented and accepted in literature [18, 19, 90]. 
The time traces of the temperature and the power for one of the weld cases are plotted in Figure 3-14. 
The process parameters used for this discussed weld are given in Figure 3-15. The plotted dashed curve 
in Figure 3-14 is the time trace of the temperature measured in the weld spot centre and the solid line is 
the corresponding consumed weld power curve (obtained from the welder). In the analysed case, as the 
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oscillations were applied, the power rapidly increased and reached a peak value at 𝑡𝑖 = 0.1 s. At this 
stage, the temperature rapidly increased up to 165 °C in less than 0.08 s, before the heating rate gradually 
slowed down. The rapid temperature increase in the weld centre is assumed to be due to the high strain 
concentration around the thermocouple.  
Hypothetically, it was expected that if the DUS weld has been undertaken without the thermocouple, 
then the temperature increase rate in the weld centre should have taken place with a smaller rate. 
Nevertheless, the frictional damping has heated up the interfacial area around the weld centre and caused 
a continuous reduction in the stiffness of those interfacial layers. This phenomenon can be tracked from 
the high power consumption values up to the 𝑡 = 0.25 s. As soon as the temperature exceeded  
𝑇 = 220 °C, the surfaces started to stick against each other and the frictional heating diminished. 
Therefore, at 0.25 s > 𝑡 > 1.2 s the temperature increase was slow and was expected to be dominated 
by the viscoelastic energy dissipation into heat. 
 
Figure 3-14:  Time traces of the power and the temperature in the centre of a DUS weld. Illustrated 
are the characteristic temperatures and times. 
The weld parameters used are as in T-7 from Figure 3-15. 
 
After exceeding 𝑇𝑚 = 260 °C, the mechanical impedance of the matrix in the weld interface became 
relatively low. This led to a strain concentration at the hot and softened layers, which in turn led to an 
intensive viscoelastic heat generation. Thus, at 𝑡 =  𝑡𝑚 = 1.2 s, a noticeable increase in the power curve 
slope was seen, although the sharp temperature increase only followed shortly after the power increase. 
Despite the high heat generation at this stage, the composite at this temperature range (250 °C <  𝑇 <
 300 °C) has a very high heat capacity. Therefore, the temperature increase remained moderate, whereas 
the dissipated energy as heat was high. However, as soon as the temperature in the centre of the weld 
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temperature was measured. This temperature limit is called 𝑇𝑠 and is characteristic for each laminate 
type. The time at which the 𝑇𝑠 is reached is henceforth termed 𝑡𝑠, and it can strongly vary between each 
weld. The phenomenon of the rapid temperature increase after the 𝑡𝑠 was called the second temperature 
jump.  During the second temperature jump, the temperature continued to increase beyond the thermal 
decomposition temperature 𝑇 > 400 °C. Thus, the thermal decomposition of the matrix took place. In 
this last phase, the thermal decomposition process of the matrix consumed the majority of the generated 
heat. In addition, some heat was carried away from the weld zone by the escaping gases produced by 
the decomposed matrix. Consequently, almost a thermal equilibrium was reached with a tendency 
towards cooling of the weld spot. 
Theory: At the initial phases (t < 0.2 s), due to the combined friction and viscoelastic heating, the rate 
of heating in the interface is much higher than in the internal layers, where only viscoelastic heating 
occurs. Therefore, the interface starts to soften much earlier than the inner layers. As soon as the entire 
weld spot interface reaches close to the melting temperature of the matrix, the frictional heating is 
eliminated and a sharp strain concentration occurs there. This critical point is called the interface 
collapse, the temperature value marking the interface collapse is denoted by Ts and the rapid 
temperature increase following the interface collapse is called the second jump. Due to the quadratic 
dependency of the heat energy on the strain amplitude, a local intensive volumetric heat is generated at 
only a few tenths of a millimetre of the composites at their contact interface. The instant overall energy 
dissipation as heat in the second jump phase is higher than the energy generated in the previous stages 
and this can be observed as the rise of the power curve. Consequently, the temperature in this thin local 
zone undergoes a rapid increase, while the remaining layers away from the interface in the thickness 
direction remain relatively cold and solid. In most of the observed cases, the second jump initiates not 
at the Tm  but after a slight delay up to Ts. Because the interface collapse occurs when the entire weld 
interface is softened or melted. These assumptions need to be proven by a thorough simulation analysis. 
3.2.2 The Influence of the Amplitude and Static Force on the DUS 
The parameters which can influence the heating rate, and which can be adjusted in the welder, are the 
𝑍0 and the 𝐹𝑤. The temperature vs time was monitored under several parameter combinations in order 
to investigate the development of the weld spot and the influence of these adjustable parameters. The 
parameters of the investigated cases are given in Figure 3-15. 
The solidification force was set at 600 N and the solidification time was set at 2 s for all of the 
investigations in this section. Several repetitions (5-12 repetitions) were made for each case to collect 
statistical data. For cases with low significance, only five repetitions were commenced and for a few 
critical cases more than ten repetitions were undertaken, such as the T-6, T-7 and T-8. 
  




Figure 3-15:  Investigated combinations of weld static force and weld vibration displacement 
amplitude for monitoring the temperature development in the weld spot. 
 
Throughout the temperature vs time curves of the monitored cases (plotted in Figure 3-16) certain trends 
were observed. The temperature rapidly increased during the initiation phase before its increase 
continued at a slower rate. After a certain time 𝑡𝑠, the curve underwent a second jump and the 
temperature increased with a higher rate to the decomposition of the matrix where it stabilised. 
Generally, 𝑇𝑠 in most of the observed cases (T-1 to T-8) lay in a range slightly beyond 𝑇𝑚 of the 
composite. However, the 𝑡𝑠 strongly differed not only between the different parameter cases, but also 
within each group between the repetitions.  
In Figure 3-17, the average 𝑡𝑠 is plotted as a function of 𝐹𝑤 for the vibration displacement amplitude 
𝑍80% = 0.023 mm. The second jump rarely occurred within the observed time range for the low 
amplitude welds (T-1 to T-3). This was an expected response, it is well established that even minimally 
reducing the weld vibration displacement amplitude might lead to a significant reduction in the heating 
rate [54]. When welding with low 𝐹𝑤 (such as in T-4) the second temperature jump did not happen 
clearly, rather it occurred as a transition. 
The static welding force influences not only the frictional heating rate but also the hammering effect, 
whereby increasing it increases the hammering effect coefficient [54, 91]. This means that by increasing 
the 𝐹𝑤, more energy will dissipate throughout a larger portion of the cycle. Thus, a higher average heat 
per unit time should be achieved. However, this correlation was observed up to the weld static force 
value of 𝐹𝑤 < 650 N. For the weld cases with higher static forces such as in the T-7 and T-8 (in 
comparison to the T-6), this did not lead to any significant reduction in the 𝑡𝑠 (see Figure 3-17). Contrary 



































Figure 3-16:  Time traces of the temperatures measured in the weld spot centres using various 
parameter combinations (see Figure 3-15 for the used weld parameters). The 
repetitions for each parameter set are plotted in the same graph with different colours. 
 
From Figure 3-16 and Figure 3-17 it can be noticed that the second jump in the T-6 (650 N) case occurs 


















































































































































46  Experimental Analysis of the DUS Process 
 
 
jump occurred around an average 𝑡𝑠 = 1.42 s. One logical explanation for this is that when the force 
increases above a critical value, the stiffness of the system also increases. Consequently, as discussed in 
paragraph 2.1.2, the natural frequency of the ultrasonic stack rises above the range that the generator 
and the converter might provide (in this case 𝑓 > 30.5 kHz). Therefore, the vibration displacement 
amplitude provided by the stack suffers and becomes insufficient. Additional explanation of the 
influence of the welding static force is provided in following section as well as in literature [26, 54, 65]. 
 
Figure 3-17:  𝑡𝑠 as a function of the 𝐹𝑤 for the 𝑍80% = 0.023 mm weld amplitude case. 
The error bars on each point represent the standard deviation within each case. 
 
Influence of the Static Force on the Ultrasonic Displacement Amplitude 
The weld static force influence on the ultrasonic vibration displacement amplitude was analysed through 
measuring the displacement of the sonotrode during the DUS welding. The measurements were carried 
out by an in-plane laser vibrometer at a very high sample rate of 𝑓𝑠 = 512 kHz (see paragraph 3.1). At 
first, the nominal displacement amplitude of the stack was determined through measuring the vibration 
displacement at the end of the unloaded sonotrode (broken horizontal lines in Figure 3-18). Then the 
vibration displacement measurements were conducted during welding for four 𝐹𝑤 cases at two nominal 
amplitude levels, namely 𝑍65%  and 𝑍80% (see Figure 3-7). Five repetitions were made for each parameter 
combination as well as for the unloaded cases. From each repetition, the mean displacement base to 
peak amplitude over the weld duration was determined. For each parameter combination, the average 
value from the repetitions is plotted as a point in Figure 3-18. The standard deviation between the 
repetitions in each case is plotted as the error bar on the respective point. 
The drop of the amplitude with the increasing static weld force was observed for all of the cases. Even 
for low force cases such as 𝐹𝑤 = 650 𝑁, the amplitude was lower than the amplitude in the unloaded 
case. The amplitude drop could be considered linear and the slope of the linear drop for 𝑍80% was 
𝑑𝑍0 𝑑𝐹𝑤⁄ = −3 × 10






















Figure 3-18:  The Z0 (base to peak) versus Fw at two pre-set displacement amplitude levels.  
The average vibration displacement amplitude in the no-load cases are plotted as the 
broken reference lines. The standard deviation within each case is plotted as the error 
bars on each point. 
 
By converting the vibrometer results into the frequency domain through fast Fourier transformation 
(FFT) in MATLAB, it was possible to obtain the dominant frequency of the vibrations throughout the 
duration of the welds. In Figure 3-19, the FFT of three weld cases are plotted for the amplitude 𝑍80%.  
The dark black curve is for the 𝐹𝑤 = 1300 N and the green line for the 𝐹𝑤 = 650 N loaded weld and the 
blue curve is for the no-load run. 
 
Figure 3-19:  FFT results of the in-plane laser vibrometer measurements under three 𝐹𝑤 cases for 
a nominal amplitude Z80%. The upper and the lower frequency limits of the welder 
are marked as the red and orange broken lines respectively. 
The vibrations under the higher load 𝐹𝑤 = 1300 N had a dominant frequency higher than the 30.5 kHz 
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30.35 kHz. This infers to the explanation that with higher loads the stiffness of the stack and the welded 
parts increases, whereby the natural frequency of the stack is pushed higher than the designed limits of 
the ultrasonic generator and the converter. As a result, after this limit the system is unable to provide the 
requested amplitude. 
As a conclusion, the temperature rapidly increases at the weld initiation to just below the melting 
temperature (for the semi-crystalline matrix laminates). Subsequently, the temperature continues to 
increase with a much slower rate until a certain temperature 𝑇𝑠 is exceeded. From this point onwards, 
the temperature makes a rapid increase up to the decomposition temperature, where it stabilises. 𝑇𝑠  was 
exceeded at random times called 𝑡𝑠 during the DUS weld. 𝑡𝑠 is influenced mainly by the vibration 
amplitude and the weld static force. Increasing the vibration displacement amplitude causes the 
shortening of 𝑡𝑠. Although a similar correlation was observed for the weld static force, increasing the 
force above a certain limit delayed the 𝑡𝑠. The reason for this was exceeding the frequency limits of the 
welder at higher weld forces. This hindered the welder to generate the adjusted displacement amplitude 
under higher weld forces. Thus, the amplitude became lower than the set value and the amount of heat 
generated per unit time decreased. 
3.2.3 Computed Tomography Analysis of the DUS Welded Spots 
The influence of the weld duration 𝑡𝑤 and the weld static force 𝐹𝑤 on the weld spot was analysed 
qualitatively using the CT method. The CT scans were carried out at the Technische Universität 
Dresden, Institute of Lightweight Engineering and Polymer Technologies (ILK). The parameters used 
for the scans were X-Ray micro-focus 80 kV, 80 µA and with a resolution of 12 µm. Two specimens 
were stacked and scanned simultaneously, and the measurement duration for each scan was 15 minutes. 
The cubic volume with dimensions of 20 mm × 20 mm × 4.6 mm around the weld spot was scanned and 
the 3D volume was reconstructed digitally. The relevance between the temperature development in the 
weld spot and the quality of the weld spot in the sense of presence or absence of defects, gaps and 
delamination had been investigated. The temperature curves of the scanned welds are plotted and next 
to each curve the CT scan of the corresponding weld spot is illustrated in Figure 3-20 and Figure 3-21.  
For the analysis and the discussion, two sections from the CT scans are displayed: one through the weld 
plane at the contact interface between the two laminates (weld interface B-B) and the second through 
the thickness perpendicular on the weld plane (cross-section C-C). The images at the cross-section were 
chosen at locations where most defects in the volume around the weld spot was found. The weld spots 
investigated with the CT were carried out using various set of parameters. The parameters were chosen 
based on several preliminary tests to cover the most significant weld cases in terms of weld static force 
and weld duration. They are notated as T-6b, T-6c, T-7a, T-7b, T-7c, T-8a, T-8b, T-10, T-11a  
and T-11b, given in Table 3-3 and illustrated on the left of each temperature curve in Figure 3-20 and 
Figure 3-21, respectively.  
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Due to a significant difference in the density of the thermocouple material and the composite, the 
thermocouples in the CT images (in Figure 3-20 and Figure 3-21) are much brighter than the surrounding 
material. Especially in the cross-section view (C-C), the high illuminance of the thermocouple distorts 
the view in its vicinity and a horizontal bright line covers the composite. Nevertheless, satisfactory 
detailed images in the volume around the spots were obtained. 
Table 3-3:  Parameter combinations used to test their influence on the weld spot force at 
break under the cross-tension test. Given next to each parameter set are the 
corresponding force at break and the maximum temperature, which was 
measured by the thermocouple in the weld spot centre. 
notation 
weld force Fw 
in N 
amplitude 
Z0 in mm 
weld duration 
tw in s 
force at break  




T-1 320 0.019 4.0 536 312 
T-2 650 0.019 4.0 562 285 
T-3 1300 0.019 4.0 710 278 
T-4 320 0.023 3.0 603 375 
T-6a 650 0.023 1.0 449 214 
T-6b 650 0.023 1.8 543 253 
T-6c 650 0.023 2.5 742 508 
T-6d 650 0.023 3.0 771 385 
T-7a 1050 0.023 1.0 472 223 
T-7b 1050 0.023 2.0 607 434 
T-7c 1050 0.023 2.5 615 484 
T-7d 1050 0.023 3.0 693 338 
T-8a 1300 0.023 1.0 418 204 
T-8b 1300 0.023 1.5 508 205 
T-8c 1300 0.023 2.0 525 399 
T-8d 1300 0.023 3.0 555 395 
 
From the images in the weld plane (B-B), the boundaries of the weld spots can be identified partially in 
most of the scans. For some of the cases, the weld spot was fully identified (Figure 3-20 and Figure 3-21 
T-6b, T-7a and T-8b). A well-shaped weld spot was observed in T-6b, here the diffused area filled 
almost an area bound inside the imaginary circle of the weld apex (𝐷𝑊𝐴 = 10 mm). Whereas, the 
temperature in the centre exceeded the 𝑇𝑚 for a short duration of time and remained well below the 
decomposition temperature. As a result, a uniform defect-free weld spot was created. Even though in T-
7a and T-8b the temperature at the measured point did not reach 𝑇𝑚, nevertheless a well-shaped weld 
was formed, albeit with diffused areas less than the area of the anvil contact. The scan of the T-8a 
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showed a very small area of matrix diffusion. It can be explained by the short weld duration (𝑡𝑤 = 1 s) 
through which the temperature was well below 𝑇𝑚. 
 
Figure 3-20:  The time trace of the temperature measured in the centres of the weld spots welded 
with different parameter sets (see Table 3-3). Next to each temperature curve two 
images from the CT scan of the corresponding weld spot is displayed.  
The locations of the sections are displayed above the images. The left image is at the 
weld plane and the right is perpendicular to the weld interface. 
 
It can be inferred from the scans of T-7b and T-7c that even though the weld durations were different, 
they had similar temperature development patterns distributed across different time scales. As a result, 
they both showed a similar weld spot formation. In these latter two cases and the T-6c case, cavities and 
delamination were observed in the CT images. These three weld cases had one thing in common: the 
temperature in the weld centre exceeded the thermal decomposition temperature of the matrix [92, 93]. 




Figure 3-21:  Time trace of the temperature measured in the centres of the weld spots welded with 
different parameter sets (see Table 3-3). Next to each temperature curve two images 
from the CT scan of the corresponding weld spot are displayed.  
The location of the section is displayed above the images. The left image is at the 
weld plane and the right is perpendicular to the weld interface. 
 
Through relating the CT scans with the weld temperature vs time plots, several trends can be concluded. 
The presence of the defects in the weld spots has a strong correlation with the weld temperature. In all 
of the scanned weld spots in which the temperature exceeded the 𝑇𝑑 , gaps and cavities or delamination 
were observed in and around the weld spot. The defects in the overheated laminates were mostly 
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dominated by gaps and cavities distributed in the volume at a direct vicinity of the thermocouple. For 
the cases in which the temperature remained below 𝑇𝑚, small weld spots were observed, which is a 
normal consequence. Because especially for the semi-crystalline matrix it is known that the diffusion 
through the interface occurs solely whenever the polymer melts. A weld spot was assumed ideal, when 
the weld spot size was almost equal to the anvil contact size and it was located concentric with the anvil. 
This resulted in a weld spot with a maximum temperature around 𝑇𝑚. These observations deliver strong 
proof to the hypothesis stated in chapter 1: The formation of the cavities in the weld spot is due to the 
overheating and consequently the thermal decomposition of the matrix. 
3.2.4 Influence of the Weld Parameters on the Weld Force at Break 
The weld force at break 𝐹𝑏  is the load at which the weld spot fails under cross-tension. The tensile load 
was applied on the weld spot with the cross-tension test configuration. The samples used for the cross-
tension tests and the temperature measurement tests were similar. Table 3-3 displays the parameters and 
the corresponding notations for each sample. Next to each parameter group is the corresponding 𝐹𝑏 and 
the maximum reached temperature. The values of the force and temperature were averaged over the 
repetitions for each parameter set. The weld solidification force and solidification time were kept 
constant at 600 N and 2 s respectively for all the investigated cases. 
The average values of the 𝐹𝑏  were determined though several repetitions of the investigated cases. The 
results are plotted in Figure 3-22 as a function of the weld duration 𝑡𝑤  at three 𝐹𝑤  levels. The force at 
break increased by increasing the weld duration. However, the static weld force had almost no influence 
on the weld load capacity at the short weld durations, whereas beyond the weld duration of 𝑡𝑤 > 2 s the 
weld spots with a lower static force have 𝐹𝑏  slightly higher than those under higher static weld forces. 
This can be explained through the phenomenon that at higher 𝐹𝑤 > 600 N the vibration displacement 
amplitude suffers, and consequently smaller weld spots are formed, thus have smaller load-carrying 
capacities than the larger weld spots. This latter assumption was supported by comparing the CT images 
of the T-7b and T-8b weld spots in Figure 3-21. 
 





Figure 3-22:  Averaged weld spot force at break 𝐹𝑏  as a function of the weld duration 𝑡𝑤. Three 
𝐹𝑤 cases are compared for a constant 𝑍0 (reference Table 3-3). 
 
3.2.5 Influence of the Main Process Variables on the Weld Strength 
The main process variables that influence the strength of the weld spot are the weld temperature and the 
weld duration. In order to determine the influence of these two variables, it was necessary to control the 
temperature in the weld spot so that it remained constant throughout a predetermined duration. The 
temperature was controlled around a set point SP through a PID controller. A microcontroller (Arduino 
Duo) was connected to the measurement system (illustrated in Figure 3-1). The microcontroller read the 
temperature value in real time from the measurement system and adjusted the vibration displacement 
amplitude during the USW (see Appendix 1 for the microcontroller programme). As can be seen from 
the schematic in Figure 3-1, the microcontroller outputs the vibration amplitude value as a percentage 
from the maximum available amplitude in terms of voltages. The amplitude signal was amplified and 
filtered by the measurement unit and fed to the welder. The set point (SP) for the PID was the 
temperature value in the centre of the weld spot. The weld strength was investigated for three weld 
duration cases 𝑡𝑤 =  {3, 3.5, 4} s at three weld temperature set-points 𝑆𝑃 =  {260, 300, 340} °C. Only 
in the 𝑆𝑃 = 340 °C case was the weld strength investigated for an additional weld duration 𝑡𝑤 = 4.5 s. 
The other weld parameters such as the static weld force, the initial vibration amplitude and the weld 
solidification time were set as constant for all of the cases.  
The ultimate strengths σb of the weld spots were measured by the cross-tension test. It was observed that 
increasing the weld duration from 𝑡𝑤 = 3 s to 𝑡𝑤 = 3.5 s result in a reduction in the weld strength for 
all of the SP cases. However, for 𝑆𝑃 = 260 °C and 𝑆𝑃 = 300 °C, further increasing the weld duration 
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higher temperature set point case 𝑆𝑃 = 340 °C. On the contrary, increasing the weld duration at the 
𝑆𝑃 = 340 °C case led to a further decline of the weld spot strength. These observations can be seen in 
Figure 3-23-(a), where the weld strength is plotted against the weld duration for the three temperature 
set point cases. On the other hand, for a given weld duration, especially for shorter durations there exists 
an optimum weld temperature. The welds that were carried out with 𝑡𝑤 = 3 s and 𝑡𝑤 = 3.5 s had the 
highest weld strengths within their group at the 𝑆𝑃 = 300 °C (compare Figure 3-23-(b)).  
It can be concluded from this investigation that there is an inverse correlation between the weld 
temperature and the weld duration to result in a certain weld strength. Thus, for each weld duration there 
exists an optimum weld temperature SP and vice versa. It is found in general that using shorter weld 






Figure 3-23:  Ultimate strength in cross-tension of the temperature-controlled weld spots.  
(a) The ultimate strength versus the weld duration for the three temperature set points. 
(b) The ultimate strength versus temperature set point for two weld durations. 
 
In order to understand why the weld strength slightly increased when the weld duration was 𝑡𝑤 = 4 s 
for 𝑆𝑃 = 260 °C and 𝑆𝑃 = 300 °C as well as why it dropped when the temperature was increased up to 
𝑆𝑃 = 340 °C, four weld spots were scanned through CT. In Figure 3-24, the temperature curves are 
plotted vs time for four controlled welds. Next to each temperature curve, a CT scan image in the weld 
plane and an image at a cross-section of the corresponding weld spot are given. It can be seen from 
Figure 3-24 that at 𝑆𝑃 = 260 °C and 𝑡𝑤 = 3.5 s the CT scans showed no traces of gaps or cavities at the 
weld spot. However, when the weld duration was increased to 𝑡𝑤 = 4 s but 𝑆𝑃 = 260 °C was unchanged 
(such as the PID-02), noticeable cavity formations were observed in the corresponding CT scans. Similar 
cavities or delamination were observed in the PID-03 and PID-04 cases where the welds were 
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Figure 3-24:  Temperature curves in the weld spot centre and the CT scan images of the 
corresponding weld spot for four PID temperature-controlled DUS welds. Next to 
each temperature curve, two images from the CT scan of the corresponding weld spot 
are provided.  
The location of the sections are displayed above the images. The images on the left 
are at the weld plane and the ones on the right are perpendicular to the weld interface. 
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Although cavities and delamination were formed in these investigated welds, the temperatures in the 
weld spots were kept under the thermal decomposition initiation temperature. This leads to the 
assumption, that increasing the weld duration caused the excessive flow of the molten matrix away from 
the weld centre. The static weld pressure pushed the molten matrix into the weld rim and this caused the 
formation of large weld spots. Consequently, as the weld spots solidified and the external pressure was 
removed, gaps and cavities were left behind by the excessively flown matrix. 
In the case of 𝑆𝑃 = 340 °C, even at a relative shorter weld duration cavities and delamination were seen. 
This can be explained by the increased fluidity (reduced viscosity) of the matrix at the weld spot centre, 
which might flow away from the centre in shorter weld durations. Nevertheless, in none of the cases in 
which the cavities and delamination at the weld spot were formed, the temperature neither reached nor 
exceeded the thermal decomposition initiation limit (𝑇𝑑𝑖 = 358 °C). 
This latter observation prompts us to believe that the gap formations in the weld spots are not only a 
product of the overheating and thermal decomposition, but they can also result from the excessive 
flowing of the melted matrix away from the weld centre under static weld forces. Moreover, the proof 
for this conclusion is the cavities and gaps seen in Figure 3-24 for the PID-2, PID-3 and PID-4 weld 
cases. Generally, the weld temperature should remain between the Tm  and Tdi of the matrix for a 
sufficient duration. In this temperature range a defect free weld spot can be achieved in relatively short 
weld durations. The minimum weld duration depends on the temperature and the pressure in the weld 
spot. If the temperature in the weld spot is close to the upper temperature limit (Tdi) then the weld 
duration should be reduced. If the temperature is close to the lower temperature limit (Tm) then the weld 
duration should be prolonged. As a conclusion, for each weld duration exists an adequate weld 
temperature and vice versa. 
Therefore, the second hypothesis stated in chapter 1 is expanded. The gaps and cavities in the weld spots 
are formed due to two possible and interrelated mechanisms. If the temperature in the weld spot exceeds 
the thermal decomposition initiation temperature, then the matrix in the overheated areas within the 
weld spot decomposes and leaves behind gaps and cavities. Nevertheless, under prolonged weld 
durations, even if the temperature in the weld spot remains below the decomposition zone, the matrix 
might flow away from the weld spot centre into the weld spot interface towards its rim and leave behind 




4 Process Modelling and Simulation 
The main core of this research work is to develop and understand the differential ultrasonic spot welding 
process. The first hypothesis stated in chapter 1 establishes the basis for understanding the physical 
phenomena governing the DUS welding process. The difference in the diameters of the sonotrode and 
the anvil was assumed to cause the laminates to deform under the cyclic vibration in such a way that 
they bend and compress simultaneously. The cyclic deformation shape of the mating laminates results 
in a relative movement between the contacting surfaces (see Figure 2-9). As discussed in 2.3, due to 
Coulomb damping the vibration energy is dissipated in the sliding surfaces as heat between the mating 
laminates. The temperature increase, caused by frictional energy dissipation, softens the interfacial 
layers, which in turn facilitates the further focusing of the available cyclic strain energy at the weld spot 
centre. The temperature temporal development in the weld spot has been measured experimentally  
(see Figure 3-16). It was found that the temperature increase occurred in two steps. Initially, directly 
after the application of the vibrations, the temperature increased rapidly in a short time, then the 
temperature increase became relatively slower. After an unpredictable duration of time, the temperature 
made a sudden jump (called the second jump) up to the decomposition temperature. Assumptions were 
made on the mechanisms of the heating and overheating. However, these assumptions were further 
investigated. The method and the results of the numerical and analytical analysis are discussed in this 
chapter. 
The simulation was conducted in two distinct phases and with two approaches. In the first phase, the 
first hypothesis was put to test by means of mechanical FEM dynamic explicit analysis (using Abaqus 
v6.144 software). With the FEM model, the dynamic deformations, strain and stresses of the welded 
parts during a cycle of ultrasonic oscillation were calculated. If a relative movement and sufficient 
pressure co-exist between the welded parts at their contact interface, then the proof of heating due to 
cyclic frictional damping will be found. The mechanical FEM model was further implemented to analyse 
the influence of certain process parameters, such as the ratio between the sonotrode and anvil diameters 
𝑅𝐷, the sonotrode diameter 𝐷ℎ  and the laminate thickness ℎ.  
In the second phase, a numerical model was used to simulate the temperature development and 
distribution in the weld spot throughout the entire duration of an illustrative DUS process. The 
implemented numerical method was called the explicit difference method (eFDM) [94, 95]. It was used 
to analyse the temporal and spatial distributions of the temperature through the laminates. Thus, explain 
the causes of the overheating at unpredictable times and form the analytical basis to investigate the 
second and third hypotheses [62]. 




4.1 Dynamic Mechanical 3D Finite Element Analysis 
The FEM model provided a comprehensive insight into the dynamic deformation behaviour, strain and 
stresses in the laminates at the weld zone during the phases of an ultrasonic vibration cycle. The 
mechanical problem was limited to the most general DUS welding case, which was the spot welding of 
two woven carbon fabric laminates through a cylindrical sonotrode with a circular end and an anvil with 
a flat circular contact, as illustrated in Figure 1-4. The tool implemented in this study was the commercial 
FEM software Abaqus v6.144 (Dassault Systèmes SE). The findings discussed in this section are 
published by the author in [61]. 
The first two cycles of the f=30 kHz ultrasonic vibration (i.e. 0 s < 𝑡 < 6.67𝑥10−5 s) were simulated. 
Two cycles were sufficient to monitor the shape of the deformation during the weld initiation. In the 
preliminary simulations, a slight change in the deformation shape was observed between the first and 
second cycles. However, beyond the second cycle the deformation shape remained unaffected. The 
sonotrode applied only a sinusoidal displacement 𝑍(𝑡) = −𝑍0 sin(𝜔𝑡) from its initial contact position 
without additional static pressure (i.e. 𝐹𝑤 = 0 N and 𝜎𝑠𝑡𝑎𝑡𝑖𝑐 = 0 MPa). The displacement amplitude was 
taken 𝑍0 = 0.028 mm and the angular frequency was simply calculated by 𝜔 = 2𝜋𝑓.  
 
Figure 4-1:  Side view of the meshed FEM 3D model for the DUS welding configuration. 
Illustrated are the sonotrode end, the two laminates, the anvil end, the boundary 
conditions and the essential dimensions. 
 
The two laminates were assumed to be similar in properties and thicknesses (ℎ1 = ℎ2 = 2.1 mm). The 
laminates were only constrained for the translational movements at their edges and they were allowed 
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for the rotational degrees of freedom (as schematically illustrated in Figure 3-5). The configuration and 
the boundary conditions are illustrated in Figure 4-1 and Figure 4-2. 
Due to the doubly symmetry nature of the investigated mechanical problem, the quarter of the laminates 
were modelled. The symmetry simplification can be considered acceptable for the investigated laminate 
type due to the balanced cross-ply [0, 90]3s stacking sequence of the 2x2 twill laminate. The symmetry 
planes were the xz and yz planes, which intersect at the axis of rotation z of the cylindrical sonotrode and 
anvil. Only the end of the sonotrode and the anvil were modelled and they were assumed as discrete 
rigid revolved surfaces. The edges of the sonotrode and the anvil were smoothened with a filet (radius 
of 0.5 mm) to avoid excessive stress concentrations at the edges of the contact interfaces. They were 
meshed with rigid four-node shell elements, which is an acceptable approximation because their stiffness 
was 20 times larger than the transverse stiffness of the laminates. The interactions between the contact 
surfaces were defined to be hard contact and tangential-frictional with a friction coefficient of µ𝑙 = 0.4 
for the laminate-laminate contact and µℎ = 0.2 for the laminate-sonotrode/anvil contacts. It was defined 




≈ 60 MPa), the matrix fails and the contact status switches from sticking to slipping. 
 
Figure 4-2:  Isometric view of the meshed model. The constraints and the symmetry planes resulting 
from the doubly symmetry simplification are illustrated. 
 
4.1.1 Woven Fabric Laminate Models 
The analysis of fibre-reinforced composites can be undertaken from either a micro-mechanical or a 
macro-mechanical perspective. In the micro-mechanical approach, a precise study of the composite 
properties can be achieved through defining the fibres and matrix as separate materials. By introducing 
appropriate interactions between them, a realistic laminate behaviour can be simulated. However, this 
approach for analysing an entire structure or process is computationally very expensive. 
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In literature, there are many attempts to find an efficient modelling method [96–98], which mainly 
depends on defining a unit cell of the laminate, including the properties of the whole laminate. This unit 
cell is first modelled in the micro-mechanical approach and then is repeated in the whole structure to 
analyse it on the macro-scale. This approach is a balance between the aforementioned micro-mechanical 
and macro-mechanical approaches, called multi-scale modelling. Even though the multi-scale modelling 
is computationally less cost-intensive than the micro-modelling, it is not applicable for practical 
applications using commercial FEM software [99]. 
On the other hand, the macro-mechanical approach might provide acceptable results if the appropriate 
lamination theory is implemented in the model. The macro-mechanical model is suitable to investigate 
the overall performance of the thin-walled laminate structure or the deformation behaviour of the 
laminate under certain loading modes. In general, the lamination theory for this kind of analysis assumes 
that the laminate comprises a certain number of layers that are perfectly bonded together. Each layer, or 
ply, in the laminate is a homogeneous medium and there are no separate components (fibres and matrix). 
The properties of each ply are defined through homogenisation of the ply and assuming an energetically-
equivalent material for this ply [99].  
One of the most interesting macro-mechanical approaches is the discrete-layer (DL) theory. In the DL 
theory, the laminate is considered to comprise a number of stacked laminas or plies and bonded together 
by model-dependent assumptions. In Abaqus, it is possible to define the actual laminate stacking 
sequence (LSS). This allows calculating the strain in each lamina (ply) even for unbalanced or 
orthotropic laminates. In this case, the mechanical properties of each ply needs to be defined [76]. 
Because in the current problem a woven fabric laminate was investigated, it was necessary to implement 
an appropriate lamination theory that was sufficient to define the homogenised equivalent properties of 
each ply in the laminate.  
4.1.2 Laminate Properties and Meshing 
Based on the previous discussion, an approach was implemented in the current work, which provided 
an acceptable approximation to the definition of the laminate for the FEM model. Each woven fabric 
lamina was defined as one ply that had average properties and was energetically equivalent to the 
original lamina. Subsequently, the plies were stacked and homogenised by defining mechanical 
properties that result in an overall laminate property equivalent to the woven fabric laminate property. 
A theoretical woven carbon fabric-reinforced polymer laminate was proposed for the numerical studies. 
The theoretical laminate had equivalent properties to the FRTP laminate used in the experimental 
studies. The composite properties defined for the mechanical analysis are given in Table 4-1. 
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Table 4-1:  Mechanical properties of the laminate for the 




′  55    GPa 
𝐸𝑐3
′  11.5 GPa 
𝜐12 0.08   [96] 
𝜐13 , 𝜐23 0.42   [96] 
𝐺12 5.8   GPa [96] 
𝐺13, 𝐺23 2.7   GPa [96] 
𝜌𝑐𝑜𝑚𝑝 1515 kg. m−3 
µ𝑙 0.4 [100] 
 
The laminate stacking direction was chosen in the transverse 3-direction, which matches the (z-axis). 
The 0° direction or the 1-direction matched the x-axis of the model coordinate system, and the 90° or 2-
direction matched the y-axis of the model. Based on DL theories, each laminate was modelled by seven 
layers of continuum shell elements SC8RH, each layer of elements represented a woven lamina [76].  
The x and y directions at the region in the vicinity of the weld zone were meshed with elements of an 
edge size 0.15 mm and from the boundary of this 10 mm × 10 mm region and outwards, the element 
size was increased gradually and one-dimensionally until it reached 1 mm at the outer edge. The element 
edge length in the z-direction was kept constant at 0.15 mm throughout the entire laminates (Figure 4-1 
and Figure 4-2). 
The model was solved using Abaqus explicit dynamic analysis [101]. The solver determined the time 
increments automatically. However, the generated results were stored at 400 equally spaced increments 
overall. 
4.1.3 FEM Analysis Procedure 
The FEM investigations were conducted in three stages. In the first stage, the deformation shape, the 
amount of slippage, the interfacial pressure and the strain distribution were investigated. These 
investigations were conducted for a specific DUS welding case in which the ratio between the sonotrode 
and the anvil diameters was 𝑅𝐷 = 1.8, whereby the sonotrode and anvil diameters were set at  
𝐷ℎ =  18 mm and 𝐷𝑎 = 10 mm, respectively. The visualisation of the results was undertaken using 3D 
colour maps of the laminates. Additionally, plots of the deformation, pressure and strain distributions 
were projected on paths in the weld interface at the maximum compression snapshot of the second cycle.  
In the second stage, the influence of the frictional heating and the viscoelastic strain heating on the weld 
initiation were calculated and compared. However, the Coulomb damping generates a surface heat and 
the viscoelastic damping generates a volumetric heat. In order to facilitate the comparison between the 
influences of these two mechanisms on the overall heating, the amount of heat input to each element at 
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the interface by each of the two mechanisms per unit of time was calculated. These were then plotted as 
a function of the location of each element. The calculations were undertaken using the assumptions that 
each element in the interfacial ply was subjected to a surface heat due to the frictional dissipation 
mechanisms ?̇?𝑓𝑟𝑖𝑐(𝑥, 𝑦, 𝑧). Whereas in each element, an internal volumetric heat was generated due to 
the viscoelastic strain energy dissipation ?̇?𝑚(𝑥, 𝑦, 𝑧). These two heat energy values for each element 
depend on the spatial location of the element in the laminate and the size of the element. For the 
interfacial elements where 𝑧 = 0 mm, the frictional heat per element can be calculated by multiplying 
the equation 2-46 with the element interfacial surface area 𝛿𝑆𝑧 . The volumetric viscoelastic heat per 
element was calculated by multiplying equation 2-36 by the matrix volume of an element 𝛿𝑉𝑚. Thus 
resulting  
?̇?𝑓𝑟𝑖𝑐(𝑥, 𝑦, 0) = 0.5  ?̇?𝑓𝑟𝑖𝑐(𝑥, 𝑦, 0)𝛿𝑆𝑧 =
𝛼𝜔µ𝑙𝑢0(𝑥, 𝑦, 0)
2𝜋
(𝜎𝑠𝑡𝑎𝑡(𝑥, 𝑦, 0) +
𝜎dyn0(𝑥, 𝑦, 0)
2
) 𝛿𝑆𝑧 , 4-1 




2 (𝑥, 𝑦, 𝑧)
2
𝛿𝑉𝑚 , 4-2 
?̇?𝑡𝑜𝑡𝑎𝑙(𝑥, 𝑦, 𝑧) = ?̇?𝑚(𝑥, 𝑦, 𝑧) + ?̇?𝑓𝑟𝑖𝑐(𝑥, 𝑦, 𝑧). 4-3 
The average heat per unit time ?̇?𝑡𝑜𝑡𝑎𝑙(𝑥, 𝑦, 0) input to each interfacial element is the sum of the heat 
produced by the two mechanisms. One can notice here that the friction heat in equation 4-1 was 
multiplied by 0.5 because half of the friction heat energy generated in the interface heats up the upper 
laminate and the other half the bottom. For the calculation and comparative studies, an angular frequency 
of 𝜔 = 2𝜋𝑓 ≈ 188500 rad/s, a friction coefficient for the laminate-laminate contact interface  
𝜇𝑙 = 0.4, matrix loss modulus at room temperature 𝐸𝑚
′′ = 0.21 GPa and a hammering effect of 𝛼 = 1 
were assumed. 
In the third stage of the FEM analysis, the influence of the ratio 𝑅𝐷  was investigated by comparing the 
average heat distribution at the interface for various sonotrode to anvil diameter ratios. The investigated 
𝑅𝐷 ranged between 1 and 2.2, with an increment of 0.2. The sonotrode diameter was fixed at  
𝐷ℎ = 18 mm, while the anvil diameter 𝐷𝑎 was varied. In order to monitor the influence of the sonotrode 
size on the weld spot size, the ratio 𝑅𝐷 was kept constant at 1.8 and 𝐷ℎ  was varied between 12 mm and 
24 mm. Eventually, an attempt was made to investigate the possibility of spot welding thicker laminates 
numerically using the DUS method. 
4.1.4 Results of the Dynamic Analysis 
The deformation data was recorded for the entire model envelope, whereas the strain and stress values 
were recorded for each ply in the laminate at the integration points. Figure 4-3 illustrates the deformation 
component in z-direction of the laminate as snapshots taken at characteristic times. The side view of the 
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Figure 4-3:  Snapshots of the z-direction deformation of the laminates during one cycle 
represented in four frames: (a) t=π⁄2ω, (b) t=π⁄ω, (c) t=3π⁄2ω and (d) t=2 π⁄ω 
The displacement magnitude is in unit of metre. 
 
 
Figure 4-4:  Cross-section view of the deformation shape at the maximum compression of the 
laminates. Deformation visualisation scale factor 10.  
The deformation magnitude is given in unit of metre. 
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This delivered the proof for the bending of the two laminates during the compression phase. The weld 
centre deformed almost by compression. Just before the weld apex, the bending of the laminates initiated 
and became more obvious when moving towards the weld rim. 
Heating During a Single Cycle 
The main factors to determine the frictional heating, as given in equation 4-1, are the interfacial slippage 
and the interfacial pressures (dynamic and static). Therefore, the absolute values of the relative 
movement or slippage amplitude 𝑢0(𝑥, 𝑦, 0) and the interfacial pressure 𝜎𝑑𝑦𝑛0(𝑥, 𝑦, 0) at the contacting 
surfaces between the laminate pair were investigated. Snapshots of the distributions of these two factors 
in the interface are illustrated as colour maps at the moment of maximum compression during the second 
cycle in Figure 4-5. 
It can be traced from Figure 4-5-(a) that the interfacial pressure was almost uniform and was solely 
restricted in the weld centre, whereas the relative movement between the laminates was focused in the 
weld rim (Figure 4-5-(b)). In order to analyse them quantitatively, the values of the slippage and the 
pressure were calculated at the nodes located on two paths in the laminate-laminate interface: one along 
the x-axis (called 0° direction) and the second along a straight path, which forms a 45° angle with the 
x-axis (called 45° direction). The values are plotted as a function of the radial location in Figure 4-6. 
The starting points for the two paths (𝑥 = 𝑦 = 0 mm) coincide with the axis of rotation of the sonotrode. 
The plots show that the interfacial pressure amplitude was maximum at the weld spot centre, whereby 
it slightly declines with the increasing location until the radius 𝑟 = 4.2 mm then the drop is sharper and 





Figure 4-5:  
 
Snapshots at the maximum compression of the laminates.  
(a) The interfacial pressure in units of Pa.  
(b) The interfacial slippage in units of metre. 
(Upper laminate and sonotrode are hidden to illustrate the interface). 
 
On the other hand, the slippage amplitude between the two contacting laminates is zero in the weld 
centre. The slippage increases gradually with the increasing location and reaches a peak value of  
𝑢0 = 4.53 × 10
−3 mm around the weld apex, after which the slippage slightly declines up to the  
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𝑟 = 6.3 mm. After this location, the slippage undergoes a slight drop then rises again to higher values. 
The second rise of the slippage should be in the negative direction. The relative movement changes 
direction at the radius 7.2 mm, due to the change of the curvature direction of the bended laminates there 
(see Figure 4-4). Because the plotted values are absolute values of the slippage, a positive trend of the 
curve was observed. It can also be inferred from Figure 4-6 that the slippage and the pressure along the 
45 ° and the 0 ° paths are almost identical in profile. 
 
Figure 4-6:  Amplitude of the slippage and the pressure in the interface between the mating 
laminates in relation to the location on the 0° and 45° paths. 
Location 0 mm coincides with the axis of rotation of the sonotrode. 
 
The strain distribution in the laminates was investigated as the main process variable for the viscoelastic 
heating. From the illustration at the maximum compression snapshot Figure 4-7, it appears that the strain 
is restricted mostly in the so-called weld centre, where it is almost homogenous throughout the thickness 
of both of the laminates. 
 
 
Figure 4-7:  The transverse component of the nominal strain 33 = 0 in the laminates  
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An exception was a sharp strain concentration in the bottom laminate at its contact location with the 
edge of the anvil (Figure 4-7). Refining the mesh at this location did not result in a change in the strain 
concentration; therefore, it was unclear whether this was caused due to a numerical stress singularity or 
if it was a result of the deformation shape.  
The strain distribution in the interfacial elements at a time instance of the maximum compression was 
projected on the 0 ° and 45 ° paths. The results are plotted in Figure 4-8. It can be inferred that the 
maximum strain in the total composite had an amplitude of 0 = 7.4 × 10
−3 mm/mm at the weld 
centre. The strain outwards of this radial location underwent a slight drop up to 𝑟 = 4.4 mm and outside 
this location the drop was rapid to almost zero. The strain distribution in the thickness direction at the 
weld initiation was almost uniform through the thickness. Nevertheless, it underwent a slight reduction 
as moving away from the interface and closer to the anvil. Using equation 2-28 the strain in the matrix 
was calculated and was found to be almost three times greater than the average strain in the total 
composite. Where 𝐸𝑐,3
′ = 11.5 GPa (Table 4-1) and 𝐸𝑚
′ = 3.8 GPa according to material datasheet. 
 
Figure 4-8:  The transverse strain distribution on the 0° and 45° paths and the strain distribution in 
the matrix of the interfacial ply at the time instance of maximum compression. 
 
The viscoelastic heating was volumetric, whereas the frictional damping generated a surface heat flux. 
In order to compare the influence of these two mechanisms on the DUS welding, the amount of heat 
generated by each mechanism was estimated for each element located in the weld interface. The 
resulting amounts of the heat generated in each element were calculated as a function of the location 
along the paths and plotted in Figure 4-9. The plot is only valid for the initial phase of the DUS welding 
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temperature increases above a certain value the surfaces start to stick to each other, it is most likely that 
the frictional heating diminishes. 
 
Figure 4-9:  The amount of heat produced per unit time per element in the interface along the 0° 
path. 
 
The frictional heat was almost zero at the centre of the weld spot and it increased at the elements located 
around the radius 1.3 mm (Figure 4-9). From this location outwards, the friction heat rapidly increased 
and reached a peak value of ?̇?𝑓𝑟𝑖𝑐(𝐷𝑊𝐴/2 = 4.8 mm) = 0.042 W in the elements located at the weld 
apex. Whereas, the viscoelastic heating had its maximum value of ?̇?𝑚 = 0.03 W in the weld centre 
elements. At locations outside the weld apex, the heat generation rapidly declined and reach zero. It can 
be inferred from the analysis that the frictional heating influences the heat in the initial phase strongly. 
The calculated friction heat amount per unit time in the elements at the weld apex was about 1.4 times 
greater than the volumetric viscoelastic heat (for the case of 𝑅𝐷 = 1.8). This in turn might lead to a rapid 
heating of the material at a ring around the weld spot during the initial phase of the differential USW 
process. 
Influence of RD on the Heat Generation 
The most decisive input for the success of the DUS method was the presence of a difference between 
the horn and the anvil diameters. Therefore, the influence of the ratio RD on the generated heat by friction 
was intensively investigated. The horn diameter was fixed at 𝐷ℎ = 18 mm, while the anvil diameter 𝐷𝑎 
was varied to result ratios ranging from 1 < 𝑅𝐷 <  2.2, with an increment of 0.2. The choice of the 
initial values was based on experience gained during the numerous preliminary observations.  
In Figure 4-10, the amount of heat generated by friction at the interfacial elements is plotted in relation 
to the location on the 0° path for several 𝑅𝐷 values. The heat distribution is projected as a snapshot at 




























Figure 4-10: Distribution of the heat generated by friction per unit time per element at the weld 
interface along the 0° path.  
The heat distributions for various RD ratios are plotted. 
 
The sonotrode to anvil diameter ratio did not influence the volumetric viscoelastic heat. Therefore, it 
was ignored in this comparison. At a certain 𝑅𝐷 value (in this case 𝑅𝐷 = 1.8) the friction heat generated 
was maximum in comparison to the remaining investigated RD cases. The frictional heat at the elements 
in the centre of the weld spots were almost zero, at certain radial locations the frictional heating started 
to be obvious and increased to a peak value at the weld apex, before declining to zero in the weld rim. 
The frictional heat distribution in the interface can be approximated as a tailed Gaussian distribution, 
with the tail extending into the weld centre. The discrepancy between the curves with different 𝑅𝐷 values 
can mainly be found in the location of the weld apex and the maximum heat at the weld apex. The 
location of the weld apex was pushed away from the weld centre when the diameter ratio was reduced, 
whereby this latter observation is a natural consequence of increasing the anvil diameter, because the 
weld apex generally matches the diameter of the anvil.  
Figure 4-10 provides a useful overview of the friction heat distribution, although it contains too much 
information to derive relationships. Therefore, the plot in Figure 4-11 was generated, which illustrates 
the maximum generated heat with the two mechanisms per unit time per element and the location of the 
weld apex as a function of the investigated 𝑅𝐷 values. The weld apex location dropped linearly when 
increasing the 𝑅𝐷, whereby the linearity was true down to the 𝑅𝐷 ≥ 1.2 and at the 𝑅𝐷 = 1 the weld apex 
location underwent a slight unpredictable increase. It was expected that by reaching 𝑅𝐷 = 1 the heat 
generation would have been dominated by viscoelastic heating and the frictional heating would have 
been diminished. However, an unexpected slight rise in the total heat was observed at the unity ratio. 


















Process Modelling and Simulation  69 
 
 
result of the asynchronous vibration of the laminate pairs: in other words, this friction heat was not 
periodic and consistent, and it was rather arbitrary. The volumetric heat energy was maximum for the 
𝑅𝐷 = 1 case and it dropped linearly when the 𝑅𝐷 was increased. Interestingly, it can be concluded from 
Figure 4-11 that for a given sonotrode diameter and a certain laminate thickness, the heat generation 
with viscoelastic mechanisms can be larger than the heat generated by friction mechanisms if the RD 
was outside a certain range (in this case, the lower bound 𝑅𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 = 1.3 ). It was observed during the 
early experiments that increasing the 𝑅𝐷   beyond an upper bound (𝑅𝐷  > 2.2) resulted in a matrix melt 
initiation at the anvil contact and eventually a failure of the DUS process. 
 
 
Figure 4-11:  Maximum heat components per unit time and the location of the weld for various RD 
values.  
 
In order to monitor the influence of the sonotrode diameter on the maximum generated total heat, all of 
the relative parameters in the model were kept constant and a 𝑅𝐷 = 1.8  was chosen. In Figure 4-12, the 
heat distribution is plotted against the element location in the weld interface for the four sonotrode 
diameter cases (which are 𝐷ℎ = {15, 18, 21, 24} mm). As expected, the location of the weld apex was 
pushed away from the centre of the weld spot by increasing the sonotrode diameter. The increasing of 
the sonotrode diameter led to an increase in the weld spot size and the amount of viscoelastic heat. 
It can be concluded from Figure 4-12 that for a given weld configuration there exists a sonotrode 
diameter which causes the maximum frictional heat. Therefore, the sonotrode diameter must be chosen 
carefully, given that a relatively large sonotrode diameter will result in a frictional heating ring away 
from the centre of the designated weld spot and consequently no sufficient heat might be produced in 
the centre. By contrast, an insufficient sonotrode diameter might result in a strain concentration at the 
sonotrode and anvil contact locations, which might lead to the melting or softening of the laminates at 





































Figure 4-12:  Maximum heat components per unit time and the location of the weld apex for 
various Dh values at RD= 1.8 and h1=h2=2.1 mm. 
 
Influence of the Laminate Thickness on the Heat Generation 
One important limiting factor for the success of the DUS welding was the total thickness of the welded 
laminates. In this context, the influence of the laminate thickness was studied by keeping all the 
geometrical variables constant at intermediate values and the total thickness (ℎ1 + ℎ2) of the laminate 
pair was varied, whereby only the case of ℎ1 = ℎ2 = ℎ was considered. Laminate thicknesses of  
ℎ = 2.1 mm, ℎ = 2.4 mm and ℎ = 3 mm were considered. The chosen thicknesses were realistic and 
matched the thicknesses generally investigated by other researchers or implemented in the automotive 
industry. The plots in Figure 4-13  illustrate the maximum generated heat in the weld interface with the 
two mechanisms for three laminate thickness cases. Increasing the total thickness of the laminates led 
to the drop of both the friction and viscoelastic heating at the interface. The drop in the frictional heat 
was more obvious than the reduction in the viscoelastic heat. 
The FEM mechanical dynamic analysis delivered the proof for the first hypothesis. The applied 
ultrasonic displacement caused a deformation in the laminates (thin-walled parts) in such a way that a 
cyclic relative frictional movement between the laminates at the contacting surfaces was induced. The 
heat generated by the friction was almost absent in the weld centre and maximum at a ring around the 
weld spot (called weld apex). Under optimised conditions, the amount of heat generated by friction 



































Figure 4-13:  Maximum heat components per unit time and the location of the weld apex for 
various laminate thicknesses. 
 
The relative movement and consequently the frictional heating were present when the sonotrode 
diameter was larger than the anvil diameter. This was proved by calculating the amount of heat generated 
by friction for several ratios 𝑅𝐷. If the 𝑅𝐷 was reduced below a certain level (in the observed cases 
𝑅𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 = 1.3), then the friction heat was almost negligible at the weld apex. Nevertheless, the success 
of the DUS process was not only restricted to the optimum choice of the 𝑅𝐷 value, but a correlation 
exists between maximising the total heat in the weld interface and a complex interplay of weld 
parameters, such as the sonotrode size and laminate thickness. The FEM analysis showed that there was 
a balance between the weld spot size and the weld efficiency for a given laminate thickness. 
 
4.2 Numerical Analysis of the Temperature Temporal and Spatial 
Development 
It has been assumed that the frictional heating in the initial phase of the DUS causes the softening of the 
interfacial layers of the welded laminates. Consequently, the majority of the applied strain energy 
focuses at those softer layers. As a result, a local focused viscoelastic heat raises the temperature of the 
interface above the matrix diffusion temperature and the autohesion takes place. There is no available 
cost-effective empirical method to monitor the temperature distribution and development in the weld 
zone during the DUS process. Introducing thermocouples in the weld spot might lead to strain 
concentrations and thus the weld formation process can be disturbed. However, in order to gain a better 
understanding of the mechanisms governing the heating of the weld spot and their interrelation, a 
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the heat generation and transfer in the weld zone and its vicinity. The discussions in this section were 
published by the author in [62]. 
4.2.1 The Numerical Method 
The heat generation and transfer were simulated using the explicit finite difference method (eFDM) in 
the numerical computing environment MATLAB R2015b (The MathWorks, Inc.). This approach was 
preferred because of its flexibility to investigate various physical phenomena, hypotheses and theories. 
It would not be computationally reasonable to model the entire 2 ~ 3 s duration of the 30 kHz USW 
process with a 3D FEM explicit or implicit dynamic method and capture the viscoelastic and friction 
heat generation at each cycle. Because, the model would require a very large number of increments to 
cover the entire weld duration. (As a reference, it might require about ten increments for each ultrasonic 
cycle, which will lead to almost 600,000 increments to solve the entire 2 s welding duration). As stated 
earlier in section 1.2, this problem has been solved by A. Levy et al. [53–55] through the implementation 
of the time-homogenisation method. The space-time homogenisation has been implemented by Boutin 
et al. [102] to study the heat generation by mechanical work in structures subjected to a cyclic loading 
for long durations of time, such as in fatigue testing. Wang et al. [103] have used a coupled thermal-
mechanical quasi-static 3D finite element model to investigate the heating and bonding mechanisms 
during the USW of carbon fibre-reinforced PEEK through triangular ED. In this current work, another 
approach is presented using a mathematical explicit and discrete model based on combining the “cycle-
jump” and the eFDM [95, 104]. The cycle-jump method was used by Cojocaru and Karlsson [104] to 
accelerate the FEM analysis of the failure of the structures subjected to cyclic loading. The cycle jump 
method eliminates the need to simulate each cycle of the loading; instead, it averages the predicted 
amount of heat over a short amount of time. The short period of time might include several cycles or a 
few hundred cycles of vibration. 
The method used in this work divided the weld duration into finite time increments 𝛿𝑡  and divided the 
volume of the weld zone into finite volumes 𝛥𝑉, which had a mass of 𝛥𝑚. The heat generated due to 
viscoelastic and frictional energy dissipation were averaged over the 𝛿𝑡 based on equations 2-36 and 
2-46 respectively. Similarly, the heat transfer inside the volume and the heat transferred to the 
environment were averaged over 𝛿𝑡. As a result, the temperature increase 𝛿𝑇 at the end of each 
increment 𝑡 + 𝛿𝑡 was calculated in each element and it was added to the initial temperature  
𝑇(𝑡 + 𝛿𝑡)  =  𝑇(𝑡) +  𝛿𝑇. The new temperature value was used to update the related composite 
properties by using interpolations of a corresponding lookup table. The time increment 𝛿𝑡 = 4 ms was 
determined to be appropriate by means of a convergence analysis. The heat generation and the heat 
transfer problems were solved by simplifying the weld spot geometry as a 2D axisymmetric 
approximation in the cylindrical coordinate system (𝑟, 𝜑, 𝑧). This assumption of symmetry was valid 
because it was agreed by several researchers [53, 55, 103] that woven fabric laminates can be 
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approximated as transverse isotropic material (i.e. having equal properties in the in-plane direction and 
different in the out-of-plane direction). 
The physical system of interest in this section was the DUS welding of a CFRTP laminate pair, as 
illustrated schematically in Figure 1-4. The laminate type for the simulation models was similar as in 
the experimental analysis, a 2x2 twill woven carbon fabric-reinforced PA66. The theoretical fibre 
volume fraction was 𝑣𝑓 = 50 %. The welded laminates were similar in thickness with  
ℎ1 = ℎ2 = 2.1 mm, they were fixed in place and they were supported from the bottom side with a flat-
end anvil, which had a circular contact with the laminate. The diameter of the anvil end was  
𝐷𝑎 = 10 mm and the diameter of the sonotrode end was 𝐷ℎ = 18 mm. The physical visualisation of 
the discretised model is given in Figure 4-14. The sonotrode applied a cyclic sinusoidal longitudinal 
displacement perpendicular on the top laminate with a frequency of 𝑓 = 𝜔 2𝜋⁄ = 30 kHz. The cyclic 
displacement 𝑍(𝑡) of the sonotrode is as in equation 2-23. The weld zone bound inside the radius of the 
sonotrode was only taken into consideration. The cross sections of the laminates were discretised with 
2D central node square elements with an element edge length of ∆𝑟 = ∆𝑧 = 0.15 mm. This resulted in 
𝑛𝑎 = 14 rows of elements and for each row 𝑛𝑏 = 68 elements (Figure 4-14). The stacking direction of 
the transverse isotropic laminate was assumed to match the z-axis of the cylindrical coordinate system 
and the planar direction 11 matched the radial direction r. Each element contained the properties of the 
averaged composite material [86, 105]. 
 
Figure 4-14:  The numerical model of the laminates for the eFDM analysis, spatial discretisation 
and the applied boundary conditions. 
 
The block diagram of the calculations within a time increment is given in Figure 4-15. The vibration 
amplitude 𝑍0, static weld force 𝐹𝑤 and vibration frequency ω were used as input process parameters. 
The hammering effect 𝛼 was considered a function of 𝐹𝑤. It was assumed to remain constant during the 
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weld duration for a given 𝐹𝑤. The amplitudes of both the interfacial slippage 𝑢0(𝑟) and the dynamic 
pressure 𝜎dyn0(𝑟) at each element (at all the contact interfaces, i.e. laminate-laminate, laminate-anvil 
and laminate-sonotrode) were imported from the separately-solved 3D FEM analysis (see Figure 4-6). 
They were considered as constant in regard to temperature. However, the 𝑢0(𝑟) and the 𝜎dyn0(𝑟) were 
multiplied by 𝑍0 𝑍100%⁄ , because the 3D FEM was solved with a  𝑍0 = 𝑍100% = 0.028 mm. The static 
interface pressure 𝜎stat was calculated by dividing the static force 𝐹𝑤 by the area of the circle with the 
diameter 𝐷 = 𝐷𝑎 + (𝐷ℎ − 𝐷𝑎)/2. The material properties such as the transverse composite storage 
moduli  𝐸𝑐,33
′ (𝑇), the matrix storage modulus 𝐸𝑚
′ (𝑇), the matrix loss modulus 𝐸𝑚
′′ (𝑇), the friction 
coefficient between the laminates 𝜇𝑙(𝑇) and the specific heat capacity of the composite 𝑐𝑝(𝑇) were 
defined as lookup tables versus temperature. The complex modulus of the composite as well as the 
matrix was calculated using equation 2-16. The friction coefficient between the laminate-sonotrode and 
laminate-horn 𝜇ℎ , the thermal conductivities of the composite 𝑘1 , 𝑘2, 𝑘3 and the film coefficient 𝑘ℎ   as 
well as the density of the composite 𝜌𝑐𝑜𝑚𝑝 were approximated as constants for the predicted temperature 
range (see Table 4-2). These material properties were defined based on values taken from literature [69, 
93, 106–109]. 
Table 4-2:  Relevant thermal and mechanical properties (at room 
temperature) of the 2×2 twill woven carbon fabric reinforced 
PA66. 
property value 
𝜌𝑐𝑜𝑚𝑝 (density of the composite) 1515 kg/m
3 
𝐸𝑐,11
′ ,  𝐸𝑐,22
′  (in-plane elasticity modulus of the composite) 55 GPa 
𝐸𝑐,33
′  (transverse elasticity modulus of the composite) 11.5 GPa 
𝑇𝑔  (glass transition temperature) 53 °C 
𝑇𝑚𝑖 (melting point) 240 °C 
𝑇𝑚 (melting point) 260 °C
 
𝑇𝑑𝑖 (thermal decomposition initiation) 358 °C  
𝑇𝑑  (thermal decomposition temperature) 400 °C 
𝑘1, 𝑘2 (in-plane thermal conductivity) 2.6 W/(m K)  
𝑘3 (transverse thermal conductivity) 0.6 W/(m K) 




 (friction coefficient at laminate-sonotrode/anvil) 0.2 
 
Several researchers [17, 19, 53] stated that there is a lack of a reliable method to measure the elastic and 
loss moduli against a temperature range for the given ultrasonic frequency of 𝑓 = 30 kHz. In the 
following section, a method is discussed that allowed estimating the loss modulus from experimentally 
obtained process curves that have a strong correlation with the temperature-dependent loss modulus.  
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A similar problem exists when estimating the friction coefficient of the laminate µ𝑙(𝑇) at the weld 
interface. Several factors, such as the slip rate, surface roughness and movement mode, influence the 
friction coefficient values. In the model of the heating phenomenon during USW of CF-PEI laminates, 
A. Levy et al. [55] assumed that the friction coefficient was constant because the friction occurred at the 
initial stage of the weld and diminished as soon as the temperature of the interface increased. Mens and 
Gee [108] measured the friction coefficient of several polymers, blends and composites. The 
measurement of the coefficient has been undertaken between a rotating steel ring and the polymer (or 
composite) specimen subjected to a constant transverse load. By increasing the temperature of the steel 
ring, the friction coefficients at various interface temperatures were obtained. The authors reported that 
above 150 °C the PA66 specimen exhibits µ(150 °C) > 0.8, which was outside of the measurement 
range. However, the friction coefficient was significantly reduced when the PA66 polymer was 
reinforced with glass fibres. 
 
Figure 4-15:  Block diagram of the calculations within one time increment of the eFDM for the 
DUS welding process.  
 
Kukureka et al. [100] measured the friction coefficient of unreinforced PA66 using a special instrument 
at various slip rates. From the available information in literature, a theoretical curve for the µ𝑙(𝑇) as a 
function of temperature was assumed in this work and is plotted in Figure 4-16. At room temperature, 
µ𝑙(27 °C) = 0.4 was considered, and it was assumed that µ𝑙(𝑇) increased linearly up to a temperature 
of 200°C. At elevated temperatures 𝑇 > 230 °C, the surfaces started to stick against each other and the 
slippage was eliminated. This latter phenomenon was solved in the model by assuming  
µ𝑙(𝑇 > 230 °C) = 0 in the frictional heat generation equation. 




Figure 4-16:  Theoretical friction coefficient vs temperature for the CF-PA66 laminates. 
 
The specific heat capacity of the composite laminate 𝑐𝑝(𝑇) was measured by the DSC and plotted in 
Figure 4-17. The DCS heating rate was 20 °C/min and starting temperature was 23 °C. The values were 
measured from the room temperature and up to 300 °C, whereby values outside this range were 
extrapolated. It was assumed here that the heat capacity should dramatically increase as soon as the 
temperature of the matrix reached the decomposition initiation temperature of the matrix  
(𝑇𝑑𝑖 = 358 °C). The anvil, the sonotrode and the environment were assumed to have infinite heat 
capacities and a constant temperature of 𝑇0 = 27 °C. The elements at the boundaries exchange heat with 
the environment by natural convection with film coefficient 𝑘ℎ = 1,5 w/(m
2. °K). They exchange heat 
with the anvil and sonotrode through the contacting interface, whereas perfect contact was assumed. 
 







































Figure 4-18:  Schematic representation of the spatial discretised rotationally symmetric 
numerical model:  
(a) illustration of a single slice of volume from the bottom laminate,  
(b) a finite volume and its heat components at the weld interface. 
 
In Figure 4-18-(b), the components of the heat energy per unit time for a finite volume in the weld 
interface are illustrated. Each volume generates an internal volumetric heat due to the viscoelastic 
dissipation ?̇?𝑚 and the interfacial surface was subjected to a surface heat flux due to frictional 
dissipation ?̇?𝑓𝑟𝑖𝑐. Both of these heat energy values depend on the spatial location (𝑟, 𝜑, 𝑧) of the element 
in the laminate and they can be expressed by equations 4-8 and 4-9 respectively. Where the element size 
was ∆𝑟 = ∆𝑧 = 0.15 mm, the element angle was 𝜃 = 1 °. This resulted in an element interface surface 
area ∆𝑆𝑧 , an element volume ∆𝑉 and the matrix volume in the element ∆𝑉𝑚, whereby these were 









∆𝑉 = ∆𝑆𝑧∆𝑧, 4-6 
∆𝑉𝑚 = ∆𝑉𝑣𝑚 , 4-7 
?̇?𝑚(𝑟, 𝑧, 𝑇) = ?̇?𝑚(𝑟, 𝑧, 𝑇) ∆𝑉𝑚(𝑟, 𝑧), 
4-8 
?̇?𝑓𝑟𝑖𝑐(𝑟, 𝑧, 𝑇) = ?̇?𝑓𝑟𝑖𝑐(𝑟, 𝑧, 𝑇) ∆𝑆𝑧(𝑟, 𝑧). 
4-9 
   
The heat conduction equation in general for a finite element subjected to an external heat flux and an 
internal generated heat for the cylindrical coordinate system according to [110, 111] can be written as 
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 . 4-11 
For the investigated problem of the heating during the USW of composite laminates, it was assumed 
that the temperature at equal radial locations was equal. Thus, the heat transfer in the angular direction 
𝜑 was negligible. Consequently, the second terms in both equations 4-10 and 4-11 become zero and 











































 . 4-13 












































 . 4-15 
The elements exchange heat with the neighbouring elements in the z-direction and in the radial r-























𝑇𝑗,𝑙+1 − 2𝑇𝑗𝑙 + 𝑇𝑗,𝑙−1
∆𝑟
). 4-18 
By substituting equations 4-16, 4-17 and 4-18 in equation 4-14, the discrete heat equation for each 
element results. In a similar approach, equation 4-13 for the internal elements can be solved, although 
the boundary conditions differ. If the elements in the interface are considered to have the raw index  
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𝑗 = 1, then they only exchange heat with the elements in the 𝑗 = 2 raw; where the element raw index 
is 1 > 𝑗 > 𝑛𝑎 and the element column index is 1 > 𝑙 > 𝑛𝑏. It is assumed that the elements on both sides 
of the interface (the interface between the contacting laminates) have the same temperature, i.e. 𝑇𝑗−1,𝑙 =








For the elements in contact with the sonotrode and the anvil, it was considered that they are in perfect 
contact. The heat transfer equation is given in equation 4-20. The elements with contact to the 
environment exchange heat through convection. This is solved by Newton’s law of cooling in equation 
4-21, where the 𝑘ℎ = 1.5 W/(m
2. °K). The implementation of these equations in the mathematical 












𝑇0 − 2𝑇𝑗𝑙 + 𝑇𝑗−1,𝑙
∆𝑧2
). 4-21 
In order to predict the viscoelastic heating, the model solved the strain problem and calculated the strain 
in each element from which it predicted the amount of viscoelastic heat at each time step. It would be 
inappropriate to average the viscoelastic properties of the composite for each element according to the 
CLT. In such a case, the strain in the matrix and the fibres are assumed to be equal, and this is far from 
reality and the calculated heat will be much lower than the real case. Therefore, it was assumed the heat 
was generated by the compression strain of only the viscoelastic matrix and the contribution of the fibres 
to the generation of the heat was neglected. The strain in the elements was calculated separately for the 
fibres and the matrix by assuming that the matrix volume fraction 𝑣𝑚 and fibre volume fraction 𝑣𝑓 were 
distributed uniformly in each element. In order to calculate the strain portion in the matrix of each 
element, the Reuss model was used, assuming the matrix and fibres were placed as perfectly stacked 
layers and the poison ratio mismatches were ignored.  
The stiffness of each element 𝐾(𝑇)𝑗𝑙  was calculated from equation 4-22 based on the temperature-
dependent complex modulus of the composite  𝐸𝑐,1
∗ (𝑇)𝑗𝑙 , given that the element surface area with a 
normal in the z-direction ∆𝑆𝑧
𝑗𝑙
 and the height ∆𝑧 are constant. From 𝐾(𝑇)𝑗𝑙 , the total stiffness of each 
row of elements 𝐾𝑛
𝑗
 at each increment was calculated (equation 4-23). Considering that only the elements 
within the weld apex were being compressed, the displacement amplitude in each row of elements 𝑍𝑗 
was calculated. The total amplitude of deformation (vibration displacement amplitude) 𝑍0 was constant 
throughout the process duration. Eventually, the strain amplitude of the matrix of each element 𝑚 𝑗𝑙  
was predicted using equation 4-27 and it was used to calculate the viscoelastic heat at each time step.  
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As the amount of strain was known in each element at the beginning of each time increment and the 
amount of friction was imported from the FEM model, it was possible to calculate the heat generation 
at each element for each time increment and solve the heat balance equation. 





















 , 4-24 
𝑍𝑗 . 𝐾𝑛
𝑗








∗ (𝑇) = 𝑓
𝑗𝑙 𝐸𝑓,3
∗ = 𝑗𝑙𝐸𝑐,3
∗ (𝑇). 4-27 
4.2.2 Matrix Loss Modulus Calculation at the Welding Frequency  
One of the main challenges facing the realistic modelling of the heat generation during USW was the 
lack of an exact method for determining the loss modulus Em
′′ (T) of the matrix as a function of 
temperature at the frequency of the USW (i.e. 𝑓 = 30 kHz). Two of the known methods to measure 
Em
′′ (T) are the DMA and the through transmission ultrasonic testing. The known commercially available 
DMA is a standardised method that can be used to measure Em
′′ (T) up to a frequency of 1000 Hz. The 
ultrasonic method can be implemented to measure Em
′′ (T) at frequencies ranging between a few hundred 
kHz and a few MHz [72]. Levy et al. [55] measured Em
′′ (T) of the pure PEI polymer from room 
temperature up to the 235 °C at five frequency values in the range of 0.1 Hz and 100 Hz and by 
implementing a temperature-time superposition principle the curves have been extrapolated to the USW 
frequency of 20 kHz. Zhang et al. [19] measured the relaxation modulus curves at various temperatures 
for the PMMA polymer and used the data to calculate the dynamic loss modulus as a function of time. 
Another promising approach is the inverse determination of material properties using experimental 
measurements and computational simulation, such as the method by Jadrasiak et al. [112] and Willis et 
al. [113]. 
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As a starting point, the initial 𝐸𝑚
′′ (𝑇) of the PA66 matrix and its 𝐸𝑚
′ (𝑇) were taken from literature [55, 
109, 114, 115] (Figure 4-19-(b)). When inputted into the model, these initial 𝐸𝑚
′′ (𝑇) and 𝐸𝑚
′ (𝑇)  resulted 





Figure 4-19:  (a) The broken black curve is the temperature resulting from simulation using 
the initial loss modulus, the green solid curve is the final simulated 
temperature after adjusting the loss modulus, the grey curves are the 
temperatures measured from the experiment with T-5 parameter set (see 
Figure 3-15) and the dotted red temperature curve was created by averaging 
the experimentally obtained temperatures. The location of calculated and the 
measured temperature at the origin 𝑂. 
(b) The initial loss modulus, the adjusted loss modulus from the iterative 
procedure and the storage modulus as functions of temperature [114]. 
 
Through an iterative optimisation algorithm, 𝐸𝑚
′′ (𝑇) was adjusted. The adjustment was carried out by 
setting the target of the iterative optimisation to reduce the difference between the simulated temperature 
and a reference measured temperature in the weld centre. The reference temperature curve (dotted red 
curve in Figure 4-19-(a)) was obtained by averaging four measured temperature curves (grey solid 
curves Figure 4-19-(a)). The measurements were taken from the experimental T-5 case  
(𝑍0 = 0.023 mm, 𝐹𝑤 = 450 N and 𝑡𝑤 = 3 s) as stated in section 3.2.1. The T-5 case was chosen 
because its temperature measurements were the most reproducible. The same parameters were used for 
the iterative optimization and 𝛼 = 0.535 was used to capture the hammering effect. In Figure 4-19-(a) 
displayed temperature curves are for the weld centre point (origin) 𝑂(𝑟 = 0, 𝜑 = 0, 𝑧 = 0), which is 
marked in the bottom right of the graph. 
The solver compared the changing rates of both the calculated and the measured temperatures at each 
increment. If the measured rate was higher than the calculation, the 𝐸𝑚
′′ (𝑇) was reduced (adjusted) and 
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measured and the calculated rates of change. Once an adjustment was done, the iteration started again, 
since the temperature increase history would change as well. The iterations took place until the 
temperature values resulting from the model were in 90 % agreement with those from the experiment 
measurements at each time increment. The iterative adjustment resulted in the 𝐸𝑚
′′ (𝑇) curve, which is 
plotted in Figure 4-19-(b) as the solid dark green line. This curve was used to simulate the temperature 
temporal development and spatial distribution in the weld spot under various parameter sets and the 
model was validated by comparing the temperature curves with the experimental results. 
4.2.3 Model Validation 
The mathematical model was validated by comparing the time traces of the temperature in the weld 
centre (location 𝑂(𝑟 = 0, 𝜑 = 0, 𝑧 = 0)) with the empirically-obtained counterparts for three cases. The 
curves resulting from the simulations are plotted in Figure 4-20 parallel to the experimentally-acquired 
temperature curves. 
In the weld Case-1 (Figure 4-20-(a)), the calculated temperature curve agreed very well with the 
measurements, hence it was the case in which the 𝐸𝑚
′′  adjustment was carried out. During the first 
temperature rising phase, the slope of the calculated curve was almost similar to the measured curve 
slope. During the transition phase and up to 𝑡𝑠 the calculated curve was smoother than the measured 
counterparts. High heating rates caused by the strain concentration around the thermocouples might be 
held accountable for the irregularities in the measured curves. Eventually, the second temperature rise 
initiated for both the simulated and the measured temperature curves at 𝑡𝑠 = 2.25 s. The Case-2 (T-6) 
calculated curve was acceptably similar to the mean curve of the measurements. Both of the curves 
followed an almost similar pattern (Figure 4-20-(b)); they underwent the second jump between a time 
range of 1.25 s < 𝑡 < 1.35 s. In the Case-3 (T-2) the representative experimental curve only reached 
the second temperature jump after the 𝑡𝑠 = 2.8 s. However, the calculated temperature curve had the 
second jump after a slight delay. The transition into the second jump of the calculated case was smoother 
and the slope of the second jump in the calculated curve was smaller than the measured curve. Both of 
the observed curves did not reach the thermal decomposition transition phase throughout the observed 
scope of time. 
Most of the measured temperature curves show a very sharp temperature slope at the weld initiation 
phase (with an average rate of 𝑑𝑇/𝑑𝑡 = 1500 °C/s ), especially in Case-2 and Case-3, where welding 
was undertaken with high static forces. The cause of this high temperature increase rate in the weld 
centre was most probably the presence of the thermocouple. The thermocouple serves as an energy-
directing mechanism, whereby around this point the strain focuses for a duration of 𝑡 = 0.1 s until the 
matrix softens. It was assumed that as soon as the matrix around the thermocouple softens, the heating 
progression in the weld spot became similar to that without a thermocouple.  This observation has been 
reported by several other researchers [18, 19, 90] and an alternative temperature measuring method has 
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been suggested by [89]. This phenomenon of initial strain concentration around the thermocouple is 
absent in the numerical model. Therefore, the slopes of the calculated temperature curve in the initial 









Figure 4-20:  Time trace of the temperature for the simulated DUS process (solid black line) and 
the representative experimentally obtained counterparts (dotted red line) at the weld 
center. 
(a) Case-1 (T-5): Z0=0.023 mm, Fw=450 N, α=0.535 & tw=3 s 
(b) Case-2 (T-6): Z0=0.023 mm, Fw=650 N, α=0.6  & tw=2 s 
(c) Case-3 (T-2): Z0=0.019 mm, Fw=650 N, α=0.6  & tw=3.5 s 
(d) Parameter combinations for the simulated cases (marked). 
 
In Figure 4-21, the time trace of the power consumed by the welder during the DUS weld, under the 
parameter set T-6 is plotted parallel to the power curve resulted from the simulation of the process with 
similar parameters (Case-2). Here, the average of power curves from the repetitions is plotted to cover 
a statistical case. At the weld initiation, where the energy was dissipated by frictional and viscoelastic 
damping, a power peak was observed. The power peak was more obvious in the simulation curve than 
in the experimental one. Subsequently, the power gradually declined, reaching its minimum just before 
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power curves measured from the experiments had higher values than the simulated counterparts. A 
similar observation has been explained in [55]. It has been claimed that the difference between the 
simulated power curve and measured power curve comes from the dissipated power lost in the rig and 
the specimen fixture, which are difficult to estimate and consider in the calculations. Additionally, based 
on the observation presented in 2.1.2 the ultrasonic stack dissipates some portion of the total applied 
weld power through damping mechanisms (compare equation 2-4 and Figure 2-4). 
 
Figure 4-21:  Time trace of the power for the simulated DUS process (solid black line) and the 
equivalent experimentally-obtained one (broken lines).  
The experimental curve is averaged from several weld repetitions undertaken with 
the parameter set T-6: Z0=0.023 mm, Fw=650 N and tw=1.8 s 
 
4.2.4 Analysis of the Spatial and Temporal development of the Temperature 
The time traces of the temperature during a DUS process deliver significant information about the weld 
spot development. In Figure 4-22-(a), the predicted temperature is plotted versus time for three 
interfacial locations. In Figure 4-22-(b), the temperature temporal development at three in-thickness 
directions are plotted. For reference, the average temperature curve obtained experimentally from Case-
2 is plotted. The experimental curve is comparable to the calculated curve in the weld centre (location 
𝐶(𝑟 = 0, 𝜑 = 0, 𝑧 = 0)). 
For the interfacial elements, a common trend for the temperature curves can be observed in  
Figure 4-22-(a). The temperature rapidly increased in the initial phase, the increase rate was calculated 
to be the highest at the weld apex (𝑟2(𝑟 = 5, 𝜑 = 0, 𝑧 = 0)) and it gradually reduced when getting closer 
to the weld centre, where the rate had its minimum. At 𝑡𝑠 = 1.25 s and as soon as the temperature in the 
weld centre exceeded the matrix melting initiation temperature (𝑇𝑚𝑖  ≈  240 °C), an abrupt increase of 
the temperature with a rate of about 𝑑𝑇/𝑑𝑡 = 650 °C/s for the entire interface was observed. This 
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thermal equilibrium achieved and the temperature curve stabilised. From the temperature temporal 
development at different positions in the thickness, it was observed that the temperature increase rate 
decreased as moving away from the weld interface (Figure 4-22-(b)). A maximum heating rate of 
𝑑𝑇/𝑑𝑡 =  1150 °C/s in the initial phase was observed at the interfacial element in the weld centre 
(𝑂(𝑟 = 0, 𝜑 = 0, 𝑧 = 0)). The temperature increase rate was much lower with a value of  
𝑑𝑇/𝑑𝑡 = 190 °C/s at the position of (𝑧1(𝑟 = 0, 𝜑 = 0, 𝑧 = −0.6)). The second abrupt temperature 
increase did not take place for the locations away from the weld interface. The elements halfway through 
the thickness (𝑧2(𝑟 = 0, 𝜑 = 0, 𝑧 = −1.2)) had an average heating rate of 𝑑𝑇/𝑑𝑡 = 48 °C/s. The 






Figure 4-22:  Calculated time traces of the temperature in the bottom laminate:  
(a) three radial locations in the weld interface. 
(b) three locations in-thickness direction on the axis of symmetry.  
The locations are marked on the illustrative cross section of the laminates. As a 
reference, the measured temperature at O is plotted as the dotted red curve. The 
locations 𝑂, 𝑟1, 𝑟2, 𝑧1 and 𝑧2 are given in the cylindrical coordinates (𝑟, 𝜑, 𝑧) with 
units of mm.  
 
In order to explain the behaviour of the two temperature jumps in the weld spot, the temperature spatial 
distribution through the thickness of the laminates was analysed by comparing it with the strain spatial 
distribution in the laminates at some characteristic times. The temperature distribution in the laminates 
are plotted as colour maps at five snapshots 𝑡 = {0.04, 0.1, 1.0, 1.2, 1.5} s in Figure 4-23-(a) next to it 
the corresponding strain distribution is given in Figure 4-23-(b). The strain distribution might not deliver 
sufficient information about the spatial heat generation, because the heat generation does not only 
depend on the strain distribution but also on the material properties (especially the loss and elastic 
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moduli). Therefore, the amount of heat generated by viscoelastic and frictional dissipation are illustrated 






Figure 4-23: Spatial distribution of the calculated (a) temperature and (b) strain, through the 
thickness of the bottom laminate at five characteristic times. 
 
By comparing Figure 4-23 with Figure 4-24, the following observations can be made:  
- Directly after the application of the vibrations (0 s < 𝑡 < 0.05 s), the strain was almost uniform 
throughout the laminate thickness. This agreed very well with the FEM mechanical analysis results. 
- Up to a weld time of 𝑡 < 0.05 s, the heating was mostly dominated by the frictional heating and it 
was most intensive around the weld apex (3.5 mm >  𝑟 >  6.5 mm) in the weld interface. The 
frictional heating at the weld apex was almost eight times higher than the volumetric viscoelastic 
heat in the rest of the laminate volume. As soon as the temperature around the weld apex in the weld 
interface exceeded 200 °C, the friction coefficient became higher and the surfaces started to stick to 
one another. Consequently, the relative friction movement between the laminates and the resulting 
frictional heating gradually diminished.  
- The local frictional heating in the initial phase gave way for two interconnected phenomena to occur. 
On one hand it reduced the local stiffness (due to reduction of 𝐸𝑚
′ (𝑇)) of the interfacial layers 
between the laminates, and on the other hand it heated up the composite around the weld apex 
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through heat transfer to a temperature range at which the 𝐸𝑚
′′ (𝑇) was higher than at room 
temperature. These two phenomena led to the accelerated heating of the interface in the weld centre. 
Thus, a high and focused viscoelastic energy dissipation occurred in the weld centre in  
Figure 4-24-(b) at the 𝑡 = 0.1 s snapshot. However, at this specific moment, a gap in the viscoelastic 
heat at the weld apex was observed. This was due to the low 𝐸𝑚
′′ (𝑇) of the weld apex in comparison 





Figure 4-24: Spatial distribution of the calculated (a) frictional heat per unit time and (b) 
viscoelastic heat per unit time for each element volume, through the thickness 
of the bottom laminate at five characteristic times. 
  
- In the following period (i.e. 0.3 s < 𝑡 < 1 s) the heating was much slower in the entire interface, 
because the frictional heating was eliminated and the interface temperature was in a range where 
the 𝐸𝑚
′′ (𝑇) was relatively small (see Figure 4-19-(b) for the loss modulus values). Although a 
moderate strain concentration around the interface was observed, but due to the low 𝐸𝑚
′′ (𝑇) values 
only a relatively small amount of heat was generated. This phase with a low heating rate was called 
the transition phase.  
- During the transition phase, the remaining layers became softer and the strain distribution gradient 
in the interfaces became less sharp. 
88  Process Modelling and Simulation 
 
 
- However, as soon as the entire interface inside the weld centre (𝑟 ≤ 6 mm) reached the melting 
initiation temperature (𝑇𝑚𝑖  ≈  240 °C), a very sharp drop of the matrix strength occurred and most 
of the applied strain energy focused on the weld interface. This in turn led to an intensive local 
viscoelastic volumetric heat generation and thus a sharp temperature increase at the weld interface 
(second temperature jump). This phenomenon can be inferred from the strain and strain energy 
concentrations in Figure 4-23 and Figure 4-24 at a time step 𝑡𝑠 = 1.2 s.  
- The second temperature jump was focused in the interface. There, the temperature continued to 
increase rapidly up to the matrix decomposition temperature (in this case 𝑇𝑑 = 400 °C). The 
mathematical model could not capture the decomposition phenomenon. Therefore, the loss modulus 
of the matrix was set to zero from this temperature and onwards. With this approach, a thermal 
equilibrium had been reached at the locations where the temperature exceeded 𝑇𝑑 . The thermal 
equilibrium was observed as the stable temperature curve exceeding the time 𝑡 ≥ 1.7 s  
(Figure 4-22). Prolonged weld durations might lead to the overheating and possible thermal 
decomposition of the deeper layers of the laminate. 
4.2.5 Influence of Uncontrollable Factors on the DUS Process 
It can be clearly seen that there is a wide deviation between the measured temperature curves presented 
in paragraph 3.2.1, specifically in Figure 3-16. Even though most of the curves follow a similar pattern, 
they vary remarkably in the 𝑡𝑠 value. The second temperature jump occurred in almost all of the observed 
cases where sufficient weld energy and static forces were applied. The second temperature jump led to 
the overheating and the thermal decomposition of the matrix. Consequently, the strength of the weld 
spots suffered significantly due the formation of gaps and cavities in the weld spots.  
Due to the strong deviation of 𝑡𝑠 it is not possible to find an optimum weld duration, which might result 
in non-overheated weld spots. It is believed that some uncontrollable factors cause this deviation in the 
second jump initiation. These factors can be classified in three main groups: material (laminate)-
dependent, welder-dependent and process-dependent. Some of the environmental factors can be ruled 
out, such as humidity, temperature and ground vibrations, because successive tests were conducted in a 
controlled environment under similar conditions. 
One of the main material-dependent factors is the local fibre volume percentage of the laminate. The 
matrix and fibre volume percentages vary from one point to another in the same laminate. If the weld 
spot coincides with a location in the laminate with high 𝑣𝑓, then there will be a higher strain 
concentration in the matrix. Consequently, the second temperature jump might occur earlier. This 
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assumption was investigated through the numerical simulation by introducing slight variations in the 
nominal fibre volume fraction of 𝑣𝑓 = 50 % under the weld parameter set T-6 (see Figure 3-15). 
In Figure 4-25-(a), the time traces of the calculated temperatures in the centre of the weld spot are plotted 
for five 𝑣𝑓 values ranging from 46 % up to 54 %. It can be clearly seen that a slight change in the local 
fibre volume fraction can lead to a significant change in the temperature curve. When 𝑣𝑓 was increased, 
the initiation of the second temperature jump occurred earlier at a smaller 𝑡𝑠 and vice versa. The increase 
in 𝑣𝑓 not only shortened 𝑡𝑠 but also increased the slope of the temperature curve at the second jump. 
From Figure 4-25-(b), it can be inferred that a percent deviation in 𝑣𝑓 by 2 % can lead to a reduction in 
𝑡𝑠 by 0.064 s, which is equivalent to a reduction of almost 4.8 % and a change by -2 % might lead to a 





Figure 4-25:  Influence of the local fibre volume fraction 𝑣𝑓 on the DUS process.  
(a) Time trace of the temperature in the weld spot centre for five 𝑣𝑓 values. 
(b) 𝑡𝑠  vurses 𝑣𝑓. 
 
Other material-dependent uncontrollable factors are the flaws in the laminate, such as pores or the water 
content of the laminate. Especially the PA66 composites are known to be hydrophilic polymers. The 
water content can strongly influence the loss and storage moduli, on which the viscoelastic heat 
generation during the differential USW is dependent. However, this was not investigated in the frame 
of this research. 
The welder-dependent uncontrollable factors are mainly found in the irregularities of the amplitude 
provided by the stack. It was witnessed during the in-plane laser vibrometer measurements (as discussed 
in paragraphs 3.2) that under constant parameter sets the average amplitude and the amplitude profile 
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The plot in Figure 4-26 illustrates the average displacement amplitude that was measured at the end of 
the sonotrode during the DUS welding. The displacements were measured during five similar welds for 
each of the three parameter sets (T-6, T-7, T-8 (compare Figure 3-15)). The mean displacement base to 
peak amplitude was calculated from the entire weld duration and it was used for the comparison. 
Ignoring the measurement anomaly in T-6 repetition-2, one can still notice a significant inconsistency 
between the amplitude values at the welds under similar conditions. For example, the amplitudes of  
T-7 deviated in a range of 0.0208 mm > 𝑍0 >  0.0192 mm, which corresponds to a percent deviation 
of 7.7%. For T-6 the range was 0.0209 mm > 𝑍0 >  0.019 mm and for T-8 it was  
0.0208 mm > 𝑍0 >  0.0192 mm. In average, under various load conditions for 𝑍80% the displacement 
amplitude varies within a span of 0.001 mm. 
 
Figure 4-26:  Average displacement amplitude measured at the end of the sonotrode during the 
DUS welding for three parameter sets.  
The measurements were conducted using the in-plane laser vibrometer method which 
was discussed in chapter 3. 
 
The influence of the inconsistencies in the average displacement amplitudes was investigated in the 
simulation model through intentionally introducing several deviations. Four deviated cases were 
investigated within the range of 0.0215 mm < 𝑍0 = 0.0230 mm. The observations from this analysis 
can be seen in Figure 4-27. Slight deviations in the applied displacement amplitude lead to significant 
changes in the 𝑡𝑠. For instance, when the displacement amplitude was reduced minimally by 0.0009 mm 
(from 𝑍0 = 0.0224 mm down to 𝑍0 = 0.0215 mm) the 𝑡𝑠 was delayed by 0.456 s. Increasing it by 
0.0006 mm caused the reduction of 𝑡𝑠 by 0.3 s. Based on this calculation, the tolerances in the vibration 
displacement amplitude within the span of 0.0015 mm can generate a time span of 0.76 s for the 
occurrence of the second temperature jump. 
One of the most unpredictable factors that influences the welding process is the hammering effect, which 
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discussed, the hammering effect can be introduced into the viscoelastic and frictional heat equations as 
a coefficient 0 <  𝛼 < 1. The 𝛼 increases with the increasing static weld force, hence higher forces 
ensure a uniform contact of the sonotrode to the welded parts and vice versa. The correct coefficient for 
the hammering effect is very difficult to physically determine or measure. It can be estimated at a certain 
range at a given parameter set. The mean hammering effect was taken at 𝛼 = 0.6 and the remaining 
parameters were taken as in T-6. The time of the second jump in the temperature curve was investigated 
for four values of the hammering effect coefficient (𝛼 = 0.55, 𝛼 = 0.58, 𝛼 = 0.7 and 𝛼 = 0.8) and 





Figure 4-27:  Influence of the vibration amplitude deviation on the DUS weld process. 
(a) Time traces of the temperature at the weld spot centre for five displacement 
amplitudes. 
(b) 𝑡𝑠 vursus 𝑍0.  
 
The results of the simulated influence of the hammering effect on the weld temperature development 
and 𝑡𝑠 are plotted in Figure 4-28. It can be seen here that 𝑡𝑠 is strongly dependent on the hammering 
effect. A combined experimental and modelling approach to understand the hammering effect was 
introduced in [91]. It has been found that the hammering effect is not constant throughout the welding 
process; rather, it decreases as the weld interface temperature increases. However, this phenomenon was 
ignored in the current model for simplification. 
As a conclusion, slight changes in the uncontrollable factors might lead to significant variation in the 
time at which the second jump of the temperature occurs. From the three investigated cases, it was found 
that ts is most sensitive to the deviations in the vibration displacement amplitude and least sensitive to 
the deviations in the local volume fraction of the fibres in the laminates. If the welding process is 
interrupted before the second jump takes place, there will most likely be no proper weld spot formation, 
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temperature. Delaying stopping the welding process past the second jump will lead to an overheating 
and thermal decomposition of the weld centre. Due to the many uncontrollable factors that might 
strongly influence 𝑡𝑠, it is not possible to ensure a robust weld process by simply optimising the process 
parameters. Consequently, a sophisticated weld controlling method needs to be developed, which will 






Figure 4-28:  Influence of the deviations in the hammering effect on the DUS weld process. 
(a) Time traces of the temperature in the weld spot centre for varying 
hammering effect cases. 









































5 Logical Control Method and Industrialisation 
One of the main problems observed during the course of this study was the overheating and thermal 
decomposition of thermoplastic matrix in the weld interface. It was observed that at an unpredictable 
time the temperature in the weld spot very rapidly rises and exceeds the thermal decomposition 
temperature of the matrix. The randomness of the time at which the decomposition of the matrix initiated 
was due to some uncontrollable factors such as the local matrix volume fraction, the variation in the 
hammering effect and the variation in the ultrasonic vibration displacement amplitude from its nominal 
pre-set value.  The decomposition of the matrix caused defects in the weld spot in the form of cavities, 
delamination and gas entrapments, which in turn reduced the quality and strength of the weld spot. In 
order to avoid the overheating and create a uniform weld spot, a control method was essential. It was 
observed that the time trace of the consumed power curve by the welder follows a similar pattern as the 
time trace of the temperature at the weld spot centre. Based on this observation, a logical control system 
was developed, which measured the time derivative of the welder power in real time. According to pre-
defined logical criteria, the microcontroller actively adjusted the ultrasonic vibration displacement 
amplitude. Thus, the energy input into the weld spot was controlled and consequently the spot weld 
temperature remained in an adequate range throughout the welding duration. The resulting weld spots 
of the regulated DUS process were evaluated by means of weld temperature measurements and CT 
scans. The discussions in this chapter have already been published by the author in [116, 117]. The 
control method and algorithm were applied for patent at the German patent office. 
5.1 Process Controlling Hypothesis 
During most DUS welding processes, both the power consumed by the ultrasonic weld 𝑃(𝑡) and the 
temperature in the weld spot centre follow a typical time-trace pattern (see Figure 1-6). By observing 
the temperature and the power curve patterns, one can clearly notice that the weld power 𝑃(𝑡) and the 
weld centre temperature 𝑇(𝑡) have a clear correlation. In the weld initiation phase, the power and the 
temperature curves rapidly increase, and then at a transition phase they both undergo only slight changes. 
At a certain instance of time, both of the curves show an abrupt rise before stabilising again. However, 
the second jump of the power precedes the second jump of the temperature. 
It was assumed in this work that if the second rise of the power curve is prevented, then this could 
prevent the sudden increase of the temperature up to the decomposition zone. It might lead instead to 
the stabilisation of the temperature and consequently the polymer at the weld spot will have sufficient 
time in the adequate temperature zone (i.e. between 𝑇𝑑𝑖 and 𝑇𝑚 of the matrix) to undergo a diffusion 
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process by chain entanglement. The prevention of the second rise of the temperature was achieved by 
means of monitoring the power time derivative in real time. If the derivative in the expected period 
exceeded a certain pre-set value, then the applied vibration displacement amplitude was reduced. The 
pre-set power derivative value to trigger the amplitude drop and the amount of amplitude drop were 
determined experimentally.  
It has been reported that the power 𝑃(𝑡) consumed by the weld is the sum of the total power dissipated 
in the welded material as heat through friction and viscoelastic mechanisms plus the power lost in the 
rig, stack and system [15, 55]. The viscoelastic dissipated power is a function of the square of the strain 
amplitude (equation 2-36) and thus a function of the square of the deformation amplitude 𝑍0 [54]. On 
the other hand, the frictional heating is a function of the average slippage amplitude in the weld interface 
𝑢0 and both components of the interfacial pressure amplitude 𝜎0, namely the average static interfacial 
pressure 𝜎𝑠𝑡𝑎𝑡 and the average dynamic interfacial pressure amplitude 𝜎𝑑𝑦𝑛0. Upon closer observation 
of the friction Coulomb dissipation (equation 4-27), both the slippage and the dynamic pressure are 
functions of the displacement amplitude 𝑍0. Thus, the frictional power dissipation becomes a function 
of the square of the ultrasonic vibration amplitude. The parameters and variables that correlate with the 
?̇?𝑓𝑟𝑖𝑐  are given in equations 5-1 and 5-2 and the parameters that correlate with the ?̇?𝑚 are given in 
equations 5-3 and 5-4. Thus, the variables that mainly influence the 𝑃(𝑡) are given in equation 5-6. 
?̇?𝑓𝑟𝑖𝑐 ∝ (𝑢0, 𝜎𝑑𝑦𝑛0 , 𝜎𝑠𝑡𝑎𝑡 , 𝜔), 5-1 
?̇?𝑓𝑟𝑖𝑐 ∝ (𝑍0
2, 𝜎𝑠𝑡𝑎𝑡 , 𝜔), 5-2 
?̇?𝑚 ∝ ( m0
2 , 𝜔), 5-3 
?̇?𝑚 ∝ ∝ (𝑍0
2, 𝜔), 5-4 
𝑃(𝑡) ∝ (?̇?𝑓𝑟𝑖𝑐 , ?̇?𝑚), 5-5 
𝑃(𝑡) ∝ (𝑍0
2, 𝜎𝑠𝑡𝑎𝑡 , 𝜔). 5-6 
Here, only the adjustable variables are taken into consideration. In addition to its influence on the 
frictional heating, the static interfacial pressure (resulting from the static welding force 𝐹𝑤) influences 
the heating rate through effecting the hammering effect, as reported in [54, 55]. Therefore, adjusting it 
might have an unpredictable influence on the power dissipation. The ultrasonic vibration frequency 𝑓 
might be used as a weld control input because it is in a linear correlation with the weld power. However, 
this is constant in the given welder (generator and stack) and can only be adjusted in a narrow range 
(𝛥𝑓 = ±500 Hz). Therefore, in order to control the weld power 𝑃(𝑡), the active adjusting of the 
vibration amplitude is most applicable to the design of the control system. 
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5.2 Control System and Instruments 
The system described in the experimental setup section 3.1 was implemented for the investigations of 
the controlled process. However, in order to control the weld process through the power time derivative, 
the microcontroller had to be reprogrammed with a special algorithm (see appendix 2). The hardware 
and the wiring were kept similar as in Figure 3-1. 
Figure 5-1 illustrates the algorithm for the controller. The microcontroller read the amount of power 
consumed by the welder in terms of an analogue voltage signal (0-3.3 V). Then it converted the voltage 
through a built-in A/D (Analog to digital converter) into bits. The bits were interpreted into the power 
value in terms of Watts, where 0 V corresponded to 0 W and 3.3 V corresponded to 2400 W. The 
microcontroller calculated the discrete time derivative of the measured power value 𝑑𝑃/𝑑𝑡 in real time 
by dividing the difference in the power value between two successive controller loops over the duration 
of the complete loop (𝑡𝑐𝑙). In the same internal cycle, the controller checked within three if-loops for 
certain conditions of the power derivative.  
In the first if-loop, the controller checked if the power time derivative 𝑑𝑃/𝑑𝑡 was within the range 
between two pre-set limits 𝑑𝑃𝑠𝑒𝑡1 < 𝑑𝑃/𝑑𝑡 < 𝑑𝑃𝑠𝑒𝑡2, then the pre-set initial amplitude 𝐴 was dropped 
with a value of 𝛥𝐴 = 𝐴𝑎. This means that the new amplitude percentage after the loop was  
𝐴 = 𝐴 − 𝐴𝑎. In a similar manner, if 𝑑𝑃𝑠𝑒𝑡2 < 𝑑𝑃/𝑑𝑡 < 𝑑𝑃𝑠𝑒𝑡3 was true, then the amplitude was 
dropped with a larger step size 𝐴𝑏. Once the power increased very abruptly and the 𝑑𝑃/𝑑𝑡 became so 
large (i.e. 𝑑𝑃𝑠𝑒𝑡3 < 𝑑𝑃/𝑑𝑡), then the amplitude was dropped with a larger step 𝐴𝑐. At the end of each 
control loop, the microcontroller outputted the target percentage of the vibration displacement amplitude 
in terms of an analogue 0 - 3.3 V signal at the analogue terminal 𝐴. Each control loop had a pre-defined 
duration of 𝑡𝑐𝑙 (sampling time). The digital amplifier further amplified the analog signal  
from 0 - 3.3 V to 0 - 10 V and fed it to the welder internal controller. The amplitude drop repeated for 
each loop of the controller until the if-loop arguments became false. Then the amplitude remained 
constant until the pre-set weld time was reached and the trigger signal was set to LOW. Subsequently, 
the ultrasonic vibrations were interrupted and the weld healing took place under the solidification 
pressure (see Appendix 2 for the microcontroller programme of the DUS process control through the 
power derivative). 




Figure 5-1: Algorithm for the weld process controlling through the power time derivative. 
 
This can be expressed physically as if the slope of the power curve exceeded a critical value then the 
amplitude 𝐴 was reduced with a constant pre-set 𝛥𝐴. The local slope of the power curve was detected 
from the time derivative of the power. If the time derivative exceeded the pre-set limit (compare Figure 
5-2) then the amplitude was reduced. With this approach, the amount of heat generated in the weld zone 
was actively reduced and indirectly controlled. In previous work in the frame of this research, it was 
reported that only one if-loop was sufficient to control the weld power [117]. Nevertheless, the algorithm 
had been expanded to include three parallel if-loops, thus allowing the system to react to small 𝑑𝑃/𝑑𝑡 
values with a smaller amplitude drop steps and for larger 𝑑𝑃/𝑑𝑡 values with higher amplitude drop 
steps. The controller started to check for the power derivative only after a delay of 𝑡0 from the start 
trigger point. This delay served in avoiding the amplitude drop in the early phase of the welding, i.e. 
during the weld initiation where 𝑑𝑃/𝑑𝑡 became very large. The control principle is explained in detail 
through an application example in later paragraphs (5.4).  
 





Figure 5-2: Physical interpretation of the control algorithm. 
5.3 Experimental Procedure for Analysing the Control System 
In order to monitor the controlled process, the temperature versus time in the centre of the weld spots 
were measured using a thermocouple (explained in sections 3.1). The temperature signal value was 
amplified and stored parallel to the power and displacement amplitude values using the data recorder 
with a sample rate of 𝑓𝑠 = 300 Hz. The measured values of the power, which were used to calculate 
𝑑𝑃/𝑑𝑡, were filtered using a low-pass Butterworth filter with a frequency of 5 Hz, because the noise in 
the power values might result in undesired peaks in its derivative curves, whereas the measured 
temperature values were filtered using a low-pass Bessel filter with a frequency of 50 Hz. The specimen, 
the specimen fixture and the welder were the same as explained in chapter 3. 
The weld process control was investigated for five parameter sets under a constant weld duration at 
𝑡𝑤 = 2.5 s. Different values and scenarios for the 𝑑𝑃𝑠𝑒𝑡 were investigated: in the first three cases, the 
second and third if-loops were ignored by setting the 𝑑𝑃𝑠𝑒𝑡 very high (notated as Inf.) and for the fourth 
and fifth cases, the second and third if-loops were activated. The relevant process control parameters 
used for the experimental studies are given in Table 5-1. The start amplitude percentage for all of the 
investigated cases was set to 𝐴 = 𝐴𝑖𝑛𝑖 = 80 % . 
















𝐴𝑐   
in % 
𝑡𝑐𝑙   
in ms 
C-1 80 2.5 100 Inf. Inf. 1 0 0 20 
C-2 80 2.5 200 Inf. Inf. 1 0 0 20 
C-3 80 2.5 300 Inf. Inf. 1 0 0 20 
C-4 80 2.5 100 300 500 1 2 3 20 
C-5 80 2.5 200 600 4000 1 2 3 20 
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The additional relevant process parameters, which were set constant throughout the investigations, were 
as follows: the control-loop duration 𝑡𝑐𝑙 = 20 ms, the 𝐹𝑤 = 650 N, the static force at the solidification 
phase 600 N, the solidification time 2 s. Several repetitions (minimum five repetitions) for each weld 
case were conducted to gather statistical data. 
The results of the temperature measurement in the weld spots of the controlled welds were analysed to 
identify the influence of the control system on the temperature development versus time at the centre of 
the weld spot. A reference weld spot was chosen from each case and was scanned through the computed 
tomography method. The CT scans delivered an insight into the quality of the weld spots. The quality 
was determined by the presence or the absence of the irregularities caused by the overheating of the 
matrix. The results of the weld break forces 𝐹𝑏 and the weld strength 𝜎𝑏, obtained from the cross-tension 
test for each weld case were averaged and the corresponding standard deviations were calculated as 
explained in section 3.1. On one hand, the influence of the process controlling on the weld strength 
improvement was considered and on the other hand, the effect of the controller on the process stability 
was estimated.  
5.4 Analysis of the Controlled DUS Process 
It can be inferred from Figure 5-3, that if the power curve reaches the peak value (mark line (3)), then 
the temperature would have already reached and passed the thermal decomposition temperature of the 
matrix and the weld would have suffered. In order to overcome these limitations, it is possible to benefit 
from the above-discussed phenomenon that the power curve exhibits a positive slope just before the 
initiation of the second temperature jump. The weld power is most sensitive to the displacement 
amplitude 𝑍0. It was assumed that by detecting the second temperature jump initiation (mark line (2) in 
Figure 5-3) and reacting to it by actively reducing the vibration displacement amplitude, it should be 
possible to control the temperature at the weld spot within an optimum range and for a sufficient duration 
to allow the weld spot to fully diffuse without overheating. 
The controller indirectly detects the second jump of the temperature through the real-time power 
derivative readings. Exceeding of the power derivative a critical limit (the mark line (1) in Figure 5-3) 
indicated the initiation of the temperature second jump. This triggered the amplitude reduction with a 
pre-set percentage as described in sections 5.2 and 5.3. The effectiveness of this control method lies in 
the fact that it detects the initiation of the weld spot melting and reacts to it by reducing the intensity of 
the viscoelastic heating, thus making the temperature increase rate smaller and eventually leading to a 
thermal equilibrium at the weld spot centre. If the decline in the amplitude is relatively small, it takes 
several loops of amplitude reduction until the power curve stabilises. This gives time for the temperature 
to flow and distribute with a smoother gradient in the thickness direction than in the initial phase. 
However, if the weld duration is prolonged, the inner layers might become sufficient hot to squeeze-
Logical Control Method and Industrialisation  99 
 
 
flow under the static weld force into the interface and away from the weld spot, which in turn causes a 
second kind of a weld spot degradation (as discussed in section 3.2.5). 
 
Figure 5-3:  Time traces of the power, temperature and the power derivative for the uncontrolled 
weld case T-6. The initiation of the second jumps of the power and the temperature are 
marked as the blue (1) and the green (2) lines, respectively. The mark line (3) indicates 
the end of the second jump and the initiation of the thermal decomposition. 
 
In Figure 5-4 and Figure 5-5, the plotted black dashed lines represent the time trace of the temperature 
measured in the weld spot for one of the repetitions and the solid line is the corresponding displacement 
amplitude percentage 𝐴. The grey shaded areas around the curves represent the ranges covered by the 
time traces of the temperature from the remaining repetitions (in each case). Next to each temperature 
curve, the corresponding CT scan of the weld spot at two sections of significance are given: one at the 
weld plane (B-B) and the second through the thickness (C-C). The experiments showed that in most of 
the controlled welds the measured temperature in the weld centre remained below the decomposition 
temperature. For the C-1 welds with 𝑑𝑃𝑠𝑒𝑡 = 100 W/s, the measured temperature in some of the weld 
spots remained below 200 °C throughout the weld duration and the diffusion of the spot was not 
complete. An exception in one of the welds of C-1 case was observed, whereby the temperature in the 
weld spot continued to increase after the amplitude reduction had occurred and it exceeded the Tdi limit. 
The weld spot (C-1) in which the temperature had exceeded the 𝑇𝑑𝑖 was CT scanned, whereby the scan 
showed noticeable cavities in the weld centre (Figure 5-4). The problem of insufficient heat energy was 
not observed in the C-2 case where the 𝑑𝑃𝑠𝑒𝑡 = 200 W/s. However, for some of the repetitions, the 

































































Figure 5-4:  Time traces of the temperatures measured in the centre of the weld spot and the adjusted 
amplitude for the controlled weld cases. Illustrated next to each temperature curve the 
corresponding CT image at the weld plane. 
 
One of the repetitions of C-2 in which the temperature remained below the 𝑇𝑑𝑖 was scanned with CT 
and the scan shows a uniformly-fused weld spot with no traces of cavities and weld defects. The 
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observed welds of the C-3 remained well within the adequate matrix diffusion temperature zone 
(between 𝑇𝑚 and 𝑇𝑑𝑖), and the temperature spectrum was narrower than the spectrums in the previous 
two cases. The spectrum remained almost above the melting and mostly below the decomposition 
temperatures with the highest temperature value measured was at 308 °C. As a result, the CT scan of 
one of the C-3 repetitions show a well-fused and defect-free weld spot. 
In the controlled welds with the three if-loops (C-4 and C-5), a significant improvement in the 
temperature curve shape was observed, while the temperature spectrum from the repetitions became 
narrower. The system reacted with a higher level of flexibility to the power curve changes. The C-4 case 
had a low 𝑑𝑃𝑠𝑒𝑡1, whereby consequently the amplitude drop occurred in the early stage of the weld 
process, and hence the maximum measured temperature was around 304 °C. Moreover, in some weld 
spots the temperature remained just below the melting point of the matrix throughout the weld duration. 
By increasing the power derivative limits for all three levels, such as in C-5, the reaction to the 
temperature second jump was delayed. Thus, in some of the repetitions of the C-5 case it was observed 
that the temperature increased in the early stages of the weld to almost 340 °C then the control system 
reacted and the temperature dropped gradually and stabilised at around 300 °C. Nevertheless, in both of 
the tested cases the temperature remained below the decomposition initiation temperature. The CT scans 
for these last two cases of the controlled welds revealed uniformly-fused weld spots with almost no 
cavities and negligible defects. The investigations prove that the control method can be useful to 
eliminate the overheating problem during the DUS of the composite laminates. If the control system is 
well calibrated, the temperature of the weld spot might be controlled to remain within the optimum 
welding temperature and thus significantly increase the process stability. 
In order to support the observations in the CT scans, some of the welds were separated and the fracture 
surfaces were analysed under a stereo microscope with a magnification of × 2. The microscopic images 
of a fracture surface from each controlled weld case are given in Figure 5-5. Traces of fibre pull-up were 
seen in the fracture surfaces, which in turn was an indication of the cohesive failure mode of the weld 
spot. Furthermore, the areas of the fracture surfaces matched the areas of the light grey surface from the 
CT scans in the (B-B) plane. This indicated that what was considered in the CT scans a diffused weld 
spot, corresponded to the size of the fracture surface. However, it was difficult to trace and identify the 
cavities caused by overheating and thermal decomposition of the thermoplastic matrix from the 
microscopic images. Accordingly, the CT scans provided a better insight into the quality of the spot. 




Figure 5-5:  Microscopic images of the fracture surfaces (at the weld plane B-B) of the controlled 
weld spots. (Images were taken with a resolution of 1024 x 768 pixels using a stereo 
microscope with a magnification of x2). 
 
Logical Control Method and Industrialisation  103 
 
 
Because the control method depends on the weld power as an input variable, it is essential to compare the 
power curves of the controlled weld cases (C-1 up to C-5) with a reference curve from an uncontrolled weld 
(T-6 from chapter 3). Example power curves from each of the controlled weld cases are plotted versus time 
in Figure 5-6. It can be seen here that the power curves did not undergo the second jump; instead, they 
were almost flat during the last period of the weld duration, where in comparison to the uncontrolled 
weld power curve a second jump usually occurred. Whenever the weld power initiated to increase, the 
controller reacted to it by reducing the vibration displacement amplitude. Consequently, less ultrasonic 
vibration energy was input to the weld spot and the heating rate was reduced. Eventually, the elimination 
of the second power jump effectively led to the elimination of the second temperature jump in the weld 
spot centre. 
 
Figure 5-6:  Time traces of the weld power for the controlled weld cases.  
(The plotted curves are for the weld spots whose temperature curves are plotted as 
the broken line in Figure 5-4). As a reference, the power curve of one of the 
repetitions from the uncontrolled T-6 case is plotted as the red solid line. 
 
It was suspected that the presence of the thermocouple might interfere with the ultrasonic spot welding 
process. In some cases, the presence of the thermocouple in the weld spot might act as an ED, and the 
melt might initiate there. Therefore, DUS welds were performed without thermocouples and under 
similar conditions as the C-5 weld case. Subsequently, the volume around the weld spot were CT 
scanned. Two cross-section images from the CT scan are illustrated in Figure 5-7: one at the weld plane 
(B-B) and the second at a cross-section through the weld spot (C-C). The images show a uniform fused 
weld spot with no traces of overheating and thermal decomposition. The image at the C-C cross-section 
show some minor cavities away from the weld interface (marked by white arrows in Figure 5-7). It was 
unclear at this stage whether these small cavities were caused by the welding process or if defects in the 
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The temperature measurements and the CT scans proved that the control method could be a useful tool 
to eliminate or reduce the overheating and the thermal decomposition of the thermoplastic matrix at the 
weld spot. The different investigated parameter sets show that the 𝑑𝑃𝑠𝑒𝑡 value has a significant impact 
on the degree of success of the weld control system. If the control system is calibrated properly, the 
temperature of the weld spot centre might be controlled to remain within the adequate matrix diffusion 
(autohesion) temperature for a sufficient duration of time for molecular entanglement to take place. 
 
Figure 5-7:  CT scan of a controlled weld spot without the presence of the thermocouple. The 
weld was conducted under similar conditions and with parameters as the C-5 case. 
 
5.5 Control System Validation and Industrialisation 
The experimental setup with the microcontroller (discussed in 5.2) was suitable for the investigation 
purposes that were conducted under laboratory conditions. In order to validate the control system for 
conditions that might be encountered in an industrial application situation, an industrial control hardware 
(a standalone controller) was assembled and programmed according to the algorithm in Figure 5-1. 
The standalone controller comprised a Siemens S-1200 PLC (programmable logical controller) unit with 
analogue and digital input outputs. Several flexible programmable input and output D-Sub sockets were 
installed to allow the communication with any kind of compatible ultrasonic welder device and control 
the DUS welding process according to the method discussed above (see Appendix 3 for the PLC ladder 
diagram of the standalone controller). The control parameters such as the initial amplitude, the three 
levels of the 𝑑𝑃𝑠𝑒𝑡, the amount of amplitude drop per cycle 𝛥𝐴, the sample rate and the filter type could 
be adjusted through a human machine interface (HMI) touch screen. Initially, by using the PLC,  
a sensitivity analysis was conducted and a local optimum of the control parameters set was determined.  
The optimisation target was the maximisation of the weld strength. Numerous control parameter 
combinations were investigated and five repetitions were conducted for each parameter combination. 
The strengths of the weld spots were tested through the cross-tension testing method described in 3.1. 
The average values of the weld strength and the force at break were calculated from the repetitions. 
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These results are plotted for each parameter combination in Figure 5-8. The parameter combinations are 
given in Appendix 4. Due to the complication of the welding process and its controlling, no successful 
model was established in the frame of the given number of experiments. More experiments were needed 
to establish a reliable mathematical model. Nevertheless, the control parameter set that resulted in the 
maximum weld strength with minimum deviation (R6) was taken as the local optimum. 
 
Figure 5-8:  Ultimate strength and the force at break resulting from the cross-tension testing of weld 
spots with different control parameter sets. The standard deviations calculated from the 
repetitions are plotted as error bars on each corresponding point. 
 
Using this optimum parameter setup, controlled DUS welds were carried out for a sample size of 20 
welds then the welds were tested by the cross-tension method. In order to ensure the functionality of the 
controller, a disturbance signal was intentionally introduced to the welding process in the form of a 
prolonged weld duration. The weld ultimate strength is very sensitive to the weld duration, whereby 
prolonged weld duration causes a significant reduction of the weld strength, as already discussed in 
chapter 3. 
As a basis of comparison, uncontrolled welds with a sample size of 20 were conducted with the best-
known parameters. A second set of uncontrolled welds were undertaken by only varying the weld 
duration. Furthermore, in order to investigate the sensitivity of the controller itself, a slight variation of 
the control parameters was introduced in addition to the weld time extension. This later control 
parameter set had finer control steps with higher sensitivity to the changes in the power curve. The 
implemented weld parameters are given in the Table 5-2. 
Introducing the disturbance to the uncontrolled welds caused a 19 % reduction in the weld strength. The 
𝜎𝑏 = 6.55 MPa of the uncontrolled weld dropped down to 𝜎𝑏 = 5.31 MPa for the uncontrolled weld 
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strength remained almost unaffected while introducing the disturbance. Moreover, the average weld 
strength was also similar between the fine controlled and the rough controlled cases. The rough 
controlled welds without disturbance signal resulted in 𝜎𝑏 = 8.4 MPa, the rough controlled with 
disturbance 𝜎𝑏 = 8.33 MPa and the fine controlled with disturbance 𝜎𝑏 = 8.58 MPa. 
Table 5-2:  
Parameters used for the validation test; 


























650 90 1.50 
        
UC-w. 
disturbance 
650 90 2.00 
        
C- w/o 
disturbance 
650 90 1.50 260 600 4000 1.5 2.0 2.5 5 0.5 
C- w. 
disturbance 
650 90 2.00 260 600 4000 1.5 2.0 2.5 5 0.5 
C-fine w. 
disturbance 
650 90 2.00 200 260 600 0.4 1.5 2.0 5 0.5 
Overall, the controlled welds showed significantly higher average strength than the uncontrolled ones. 
The optimum uncontrolled weld had a strength 22 % lower than the controlled weld without disturbance. 
(See appendix 6 for the microscopic images of the fracture surface measurement). However, one 
remarkable observation was that the average forces of break of the uncontrolled ones were slightly 
higher than the controlled ones. 
 
Figure 5-9: Force at break and the corresponding weld spot ultimate strength for the five 
investigated cases of validation. The standard deviations calculated from the 
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This is explained by the growth of the weld spot size due to overheating of the weld spot, which results 
in a large weld spot, albeit is full of gaps and cavities as a result of thermal decomposition of the matrix. 
Thus, the weld spot strength suffers. The average forces of the optimum uncontrolled welds were 10 % 
higher than the controlled weld (Figure 5-9). 
The distribution of the weld strength over the observed sample size is one important aspect to consider. 
This importance is related to the repeatability of the process. In Figure 5-10, the natural distribution of 
the weld strength for the five observed weld cases is plotted. At the rear of the Figure 5-10, the natural 
distribution of the uncontrolled weld strength is plotted. It had the narrowest distribution from the 
compared cases (smallest standard deviation of the weld strength), whereas the uncontrolled case with 
prolonged weld duration had the highest standard deviation throughout the investigated samples. The 
three controlled cases had comparably wider strength distributions than the uncontrolled optimum case. 
Nevertheless, they were narrower than the uncontrolled weld with prolonged weld duration. The mean 
strength values of the three controlled cases were identical and higher than the two uncontrolled cases. 
 
 
Figure 5-10:  Natural distribution of the ultimate strength of the controlled and the uncontrolled 
DUS welds with and without disturbance (sample sizes 20 welds). 
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Throughout the investigated cases, it was observed that a complete elimination of the temperature jump 
up to the decomposition temperature was possible with the proper implementation of the logical control 
system. The power time derivative can be used to indirectly detect the melting of the matrix and control 
the temperature in the ultrasonically-welded spots of fibre-reinforced thermoplastic laminates. 
Controlling with small 𝑑𝑃/𝑑𝑡 limit values caused a rapid decline in the ultrasonic amplitude and resulted 
in an insufficient heat energy generation for the matrix to reach the melting temperature. Increasing the 
𝑑𝑃𝑠𝑒𝑡 or using several if-loops with increasing levels of 𝑑𝑃𝑠𝑒𝑡 (such as the C-5 case) led to a significant 
improvement of the process stability. The CT scans showed that the majority of the controlled weld 
spots were uniformly fused and that they underwent minimum or almost no thermal decomposition. 
5.6 Automation of the Ultrasonic Spot Welding Process 
The developed DUS welding method was intended to be used for assembling car body structural parts 
made of fibre-reinforced thermoplastics. In order to enable the DUS welding method for the use in the 
modern car body shop and the automated series production, an automated ultrasonic spot welding system 
was developed and built. The automated system had to fulfil the requirements of the modern car body 
shop in terms of flexibility, robustness and automation, while it should also feature the advantages of 
the new DUS process. The commercially-available systems could not fulfil these requirements. 
Therefore, a customised prototype USW unit had to be developed. It was designed to be attached to an 
industrial robot arm (as illustrated in Figure 5-11). 
The customised USW unit comprised two main welding axis (modules). On one axis, a 30 kHz ultrasonic 
stack was installed according to the DUS configuration (see Figure 1-4 for reference). On the second 
axis, a 40 kHz ultrasonic stack was installed according to the pin spot welding configuration (see Figure 
1-3 for spot formation and sonotrode end shape). The two modules with the two distinct configurations, 
as illustrated in Figure 5-12, were integrated into one unit by attaching them to a central column, which 
in turn was connected to the robot arm through the automatic attachment/detachment unit. Both of the 
modules shared one central processing unit and control system, although each stack had its own 
generator. 




Figure 5-11:  Main components of the automated USW system. The USW unit is attached to a 
seven-axis robot arm through an automatic attachment module. 
 
The DUS module comprised a 30 kHz ultrasonic stack with a flat-end sonotrode. On the opposites side 
of the sonotrode and concentric with it, a special flat-end anvil was positioned. The anvil was fixed to 
the central column through a stiff aluminium arm. The details of the anvil with the integrated ultrasonic 
non-destructive testing (US-NDT) system are discussed in the following section. The static welding 
force and the feed for the stack were provided by a precise servo actuator (denoted as z-axis in Figure 
5-12) provided the feed and the static force. The 40 kHz stack was driven by a separate servo actuator, 
which was similarly controlled in a close loop. The pin spot welding method does not require an anvil, 
and therefore it is found suitable for single-sided applications. The pin spot welding is outside the scope 
of this research. Therefore, it will not be discussed here. Detailed description can be found elsewhere 
[50, 51]. 
The DUS and the pin spot welding modules in the discussed welding unit can be used successively 
without losses in tool changing times. One weld spot can be applied by the DUS method and the next 
spot through the pin spot welding method. As already stated, the DUS welding can create weld spots 
between two thin-walled thermoplastic parts without significant surface markings. However, the DUS 
process requires that the location of the weld spot comprises a flange (with two thin-walled parts mating 
parallel to each other) and the flange must be accessible from its both sides, in such a way that the 
sonotrode can contact the upper side and the anvil the opposite. The pin spot welding can apply weld 
spots on relative narrow locations where double-sided access is restricted. However, it leaves behind a 
surface marking, which might be undesired in cases where surface quality holds importance. With this 
approach, the customised ultrasonic device provides the solution for joining the structural parts made of 
FRTP through the two integrated USW methods in an automated manner while increasing the process 
flexibility and stability. 




Figure 5-12:  Customised ultrasonic spot welding unit. Illustrated are the main parts and 
components of the two welding axis (modules), which are combined to a single 
central column. 
 
It is common in the car body shop that a 100 % process monitoring is desired (in-line quality check). 
This is usually undertaken to increase the reliability of the joining process and allow only defect-free 
parts to leave the assembly line. In order to achieve this in the automated USW process, an in-line non-
destructive weld monitoring and testing module was integrated into the automated system. In the frame 
of the research project, an in-line US-NDT system was developed and investigated for integration into 
the welding system. A patent was submitted by the author to the German patent office and was pending 
approval at the time of writing. 
The integrated NDT was based on the ultrasonic pulse-echo testing method. A pulse-echo ultrasonic 
transducer was integrated in the anvil of the automated DUS module, in this application case an 
ultrasonic transducer with a diameter of 10 mm and a frequency of 5 MHz was implemented. The 
transducer was connected through a high-frequency cable to a commercial ultrasonic NDT system 
(EPOC 650 from Olympus-ims), where the analysis of the signals took place. The anvil design is 
illustrated in Figure 5-13, where the positioning of the transducer under the anvil end and the key 
elements are highlighted. The transducer was attached concentric to the bottom of the anvil-end through 
a compression spring. An acoustic coupling agent was present between the transducer and the anvil, and 
the presence of the coupling agent was necessary between the anvil-end and the inspected welded parts. 
The anvil-end was made of an aluminium alloy and had five functions:  
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1. It served as a delay line between the transducer and the weld spot.  
2. It ensured that the heat generated in the weld spot did not reach the transducer. 
3. It prohibited the 30 kHz USW vibrations from reaching and destroying the transducer. 
4. The ball shaped anvil end offered the essential degrees of freedom to ensure the parallelism of 
anvil and the transducer to the bottom side of the welded parts. 
5. It fulfilled the requirements of RD and stiffness necessary for the efficient DUS welding.  
The anvil shaft was designed to have natural resonance frequencies in the relevant modes of deformation 
far from the 30 kHz welding frequency. The length of the anvil shaft was chosen to give it the optimum 
natural frequency while allowing access to the weld location in parts with complicated geometries. The 
fine-tuning of the natural frequency of the anvil was ensured through the neck found almost on the 
middle of the shaft (Figure 5-13). 
 
Figure 5-13:  Drawing of the anvil with the integrated ultrasonic transducer. The anvil design was 
implemented in the automated DUS module. 
 
After the weld spot was completed, ultrasonic pulses were sent at equally spaced times (sample rate of 
200 Hz) through the coupled delay line (anvil end) and into the welded material at the weld spot. The 
ultrasonic waves reflect when they come across boundaries. The transducer captured the reflections 
(echoes) of the waves. The NDT system converted the reflections into electric signals and processed 
them into digital signals. By analysing the reflection peaks, it was possible to determine three cases of 
weld spot formation: (1) fully fused, (2) partially fused and (3) overheated. Based on the three categories, 
the NDT system was programmed to evaluate the weld spot quality as OK (fully fused) or n.OK 
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(partially fused or overheated). The result of the evaluation was output as digital alarm signals, which 
was sent to the main controller of the welding system. 
The prototype automated ultrasonic system with the integrated NDT was used in a case study to 
assemble a prototype automobile lift gate made of FRTP. The lift gate belonged to the BMW i3-LCI 
(2017) and it was developed in a separate project frame. The task of the assembling was fusion bonding 
the lift gate frame to a stiffening panel through the spot welding approach (see Figure 5-14). Both the 
lift gate frame and the stiffening panel were made of long carbon fibre-reinforced PA66, with local 
strengthening glass woven fabric-reinforced PA66 (GFRTP) sheet laminates. Figure 5-14 illustrates the 
application scheme of the DUS weld through the automated unit. Successive DUS welds were applied 
by the robot driven welder to join the stiffening panel and the lift gate frame. The welds were initially 
tested by the in-line ultrasonic NDT method. The ultrasonic signals showed OK (uniformly welded) 
weld spots. Furthermore, the weld spots were destructively tested through the chisel and hammer test 
method. The weld spots were separated by a chisel and the fracture surfaces were visually inspected. 
The weld spots had a uniformly round shaped fracture surface and the break was through the weld 
interface showing a cohesive failure mode. 
 
Figure 5-14:  3D model of the assembled lift gate. The yellow dots on the CAD-model mark the 
locations of the applied DUS welds. The stiffening panel and the local strengthening 





6 Summary and Outlook 
6.1 Conclusions 
The differential ultrasonic spot welding method has been proposed and investigated in this work. It has 
been proven that the DUS can be an efficient method to fusion bond fibre-reinforced thermoplastic 
composites at separate spots. It eliminates the need for any kind of surface asperities or additional matrix 
as ED in the desired joint location. The occurrence of the focused heat generation at the desired location 
has been proven to be due to the cyclic bending and compression at the weld spot. The deformation 
shape causes a cyclic relative movement in the contact interface between the two welded parts and leads 
to a focused frictional heating due to Coulomb damping. The DUS process efficiency can be increased 
by optimising the ratio between the sonotrode and the anvil diameters 𝑅𝐷 . The influence of the ratio 𝑅𝐷 
was investigated by means of FEM mechanical analysis. The mechanical analysis served to prove the 
presence of the friction in the early stages of the weld duration. It was found that under certain boundary 
conditions, the influence of the frictional heating at a ring (called weld apex) was larger than the 
comparable volumetric heat amount and consequently the melting initiated at this characteristic weld 
apex. Numerous experiments were carried out to understand the DUS process. Temperature 
measurements of the weld spot centre during the DUS welding process showed that the temperature 
increase occurred in two distinct jumps. In a first jump, a rapid temperature increase took place. After a 
certain duration the temperature underwent a second rapid jump until the thermal decomposition of the 
thermoplastic occurred. CT scans of the volume around the weld spot revealed that cavities and gaps 
were formed in the weld spots, in which the temperature exceeded the thermal decomposition initiation 
temperature. Furthermore, the influence of the two main process variables, weld duration and weld 
temperature, were investigated by controlling the weld temperature in the weld spot at fixed set points. 
It was discovered at prolonged weld durations that even if the temperature in the weld spot remained 
well below the decomposition initiation temperature, the gaps and cavities were nevertheless formed in 
the weld spot. 
Calculations were made to solve the thermal sub-problem through an explicit finite difference method. 
The lack of proper test methods to measure the dynamic properties at the ultrasonic frequencies of 
interest (𝑓 = 30 kHz) and as a function of temperature rendered the simulation of the process less 
accurate. Nevertheless, an inverse material property determination method was implemented to estimate 
the storage and the loss moduli of the studied matrix. The mathematical model successfully provided a 
clear illustration of the temperature gradient in the cross-section of the laminates at various time steps. 
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The experimental temperature measurements agreed well with the calculated temperature curves, which 
in turn confirmed the accuracy of the models. The differential welding can be divided into the following 
sub-steps: 
- At the weld initiation phase, a focused and intensive frictional heat is generated around the weld 
apex due to Coulomb damping. 
- The intensive frictional heating rapidly increases the temperature at the weld apex. 
- The temperature increase at the interface around the weld apex softens the material in the weld 
interface. 
- The applied cyclic strain energy focuses at the softer interfacial layers. 
- Consequently, the viscoelastic heating remains restricted in the weld interface at the weld centre. 
- As soon as the complete interface initiates melting, the majority of the strain energy concentrates at 
this molten layer. 
- This leads to an intensive heating and a sharp increase in the temperature at the molten interface. 
- The sharp temperature rising continues until the thermal decomposition temperature of the material 
is exceeded before it subsequently stabilises. 
- The thermal decomposition due to this overheating causes defects in the DUS weld spot in the form 
of gaps and cavities. 
- Even if the temperature remains below the thermal decomposition temperature under certain 
conditions, prolonged weld duration can lead to the excessive flow of the molten matrix away from 
the weld spot and leave behind gaps and cavities. 
The mathematical model allowed studying the influence of the deviation in the key process parameters 
on the temperature temporal development in the weld spot. It was found that slight deviations in the 
local fibre volume fraction, the ultrasonic vibration displacement amplitude or the hammering effect can 
lead to significant variations in the time at which the thermal decomposition of the material occurs. The 
deviations of these process parameters are unpredictable and uncontrollable. Therefore, an active logical 
process control method was developed and investigated to eliminate the unpredictable weld spot 
overheating. It was observed that the time trace of the consumed power curve by the weld followed a 
similar pattern as the time trace of the temperature in the weld spot centre. Based on this observation, a 
control system was developed. The time derivative of the welder power was monitored in real time and 
as soon as it exceeded a critical value, the ultrasonic vibration amplitude was actively adjusted through 
a microcontroller. The controlling of the USW process forced the temperature in the weld spot to remain 
in an adequate range throughout the welding duration. The influence of the new developed logical 
control method for the differential USW of fibre-reinforced thermoplastic laminates on the welding 
process robustness was investigated. The investigations were conducted by monitoring the time traces 
of the temperature in the weld spot and they were verified through computed tomography scans of the 
weld spots.  
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Through the proper calibration of the control system, a complete elimination of the temperature jump 
up to the decomposition temperature was possible. The welder power time derivative can be used to 
indirectly detect the melting of the matrix and control the temperature in the ultrasonically-welded spots 
of fibre-reinforced thermoplastic laminates. The CT scans of the controlled weld spots showed mostly 
uniformly-fused and defect-free weld spots. Based on the findings of the experimental controlling 
system, an industrialised version of the controller was developed. The industrialised controller was used 
to study the influence of the controller on the process stability. A disturbance factors was intentionally 
introduced to the controlled welds and the results were compared with uncontrolled welds conducted 
under similar conditions. It has been found that the average weld strength remained unchanged between 
the two cases. 
6.2 Outlook 
In order to benefit from the potential of the ultrasonic spot welding in industrial applications, such as 
the joining of fibre-reinforced thermoplastic structural parts in the modern car body shop, the process 
robustness, stability and efficiency should be increased further. Controlling the ultrasonic spot welding 
process through the power derivative was proven to increase the process robustness. Nevertheless, 
further optimisation of the control system is essential to achieve a noticeable improvement in the USW 
process repeatability.  
The numerical and mathematical models offer plausible explanations for the heating mechanisms during 
the differential USW process. However, new temperature measurement methods should be developed 
or adapted to make the precise temperature measurement in the weld spot possible. The temperature 
measurement should not influence the welding process. Thus, validating the models and improving them 
is ensured with higher accuracy. Achieving a deeper understanding of the welding process makes it 
possible to predict the optimum process control parameters through a simulation.  
The numerous research studies conducted to date have paved the way for the industrialisation of the 
USW process of FRTP. Thorough and long-term series production tests for assembling FRTP structural 
parts using the ultrasonic spot welding approach need to be conducted. This is crucial to validate the 
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The Arduino programme for the PID temperature control implemented in chapter 3 
 
  // IO pins for Temperature input from HBM 0-1V 
int HBM = A0;      //Define Pin for HBM+ analog input 
int T=0;            //Digital Power Value 




float Temp=0;      //measured temperature Value 
float S=260;      //Setpoint for the regulation 
float e=200;        // initiate error value 
float e1=200;      // define the error value store variable 
 
float Kp=0.6;        //define P constant 
float Ki=0.72;        //define I constant 
float Kd=0.0025;   //define D constant 
const int Tms=4;    //sampling time [ms](200Hz) 
 




// smoothing parameters for output 
float a[n]; 
float b[n];          // the readings array from the digital output 
float sumX= 20; 
float sumY = 0;      // the running total 
int Y= 100;          // the average 
float Up=20;          // the P output of the PID output 
float Upp=20; 
float Ui=80;         // the I output of the PID 
float Ud=0;         // the D output of the PID 
float Udd=0; 
float U=50;          // the total Output of the PID 












analogReadResolution(12); //PID input resolution 2^12=4096 bit 
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analogWriteResolution(8);  //PID Output resolution 2^10=1024 bit 
 
for (int j= 0; j<= n; j++)   
// initialize all the readings to initial values: 
  { 
  a[j]= 20; 
  b[j] = 0;   // initial maximum amplitude 
  } 





  digitalWrite(22,HIGH); 
  USon=digitalRead(on); 
   if (USon == HIGH) 
     { 
        T= analogRead(HBM);      
//get the value of temperature from MAX A/D converter 0-4095/3.3 <=> 0-1V <=> 0-500 C 
                       //the arduino due has an analog input range of 0-3.3V which corresponds to digital 4095 bits 
                       // the HBM can output 0-1V which is programmed to correspond 0-500 C  
  
  Temp= 0.4*T+3;       //convert from bit to temperature value 
  Serial.println(Temp); 
  e=S-Temp;             //calculate the error value; 
  Up=e*Kp;               //calculate the output value of the P content 
  Ui=Ui+e*Ki*Tms/1000;     //calculate the output value of the I content 
  Ud=Kd*(e-e1)/Tms*1000;    //calculate the output value of the D content 
   Ui=constrain(Ui,-190,180);   //max and min Value of Output in bit 
   Up=constrain(Up,-190,210);   //max and min Value of Output in bit 
   Ud=constrain(Ud,-190,190);   //max and min Value of Output in bit 
   
   sumY = sumY - b[i];      //remove the oldest value from the output array 
   b[i] = Ud;      //get the current value to the free array location 
   sumY = sumY + b[i];     // add the updated value to the sum of the array          
   Udd= sumY/n;       // calculate the smoothened value 
 
   sumX = sumX - a[i];     //remove the oldest value from the output array 
   a[i] = Up;      //get the current value to the free array location 
   sumX = sumX + a[i];     // add the updated value to the sum of the array          
   Upp= sumX/n;       // calculate the smoothened value 
   U=Upp+Ui+Udd; 
    
   Uinv=254-constrain(U,101,210);  //max and min Value of Output in bit 
           //inverse the PID value (0 bit ->100% amplitude & 254 bit ->0% amplitude) 
 
   analogWrite(Signal,Uinv);     // output the amplitude voltage at pin DAC0 
      l= l + 1;         // move to the next position in the array for the next loop           
   if (i >= 5)         // end of the array reached 
  { 
  l = 0;       // reset the array index to 0 
  e1=e;     // store the error value for the next loop 
  } 
  
    
 
i= i + 1;      // move to the next position in the array for the next loop           
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   if (i >= n)       // end of the array reached 
  { 
  i = 0;       // reset the array index to 0 
  } 
  delay(5); 
  }  
else 
{ 
  Ui=80; 
  analogWrite(Signal,153); 






The Arduino programme for the DUS process control through the weld power derivative 
 
  // IO pins for Temperature input from HBM 0-1V 
int HBM = A0;       //Define Pin for HBM+ analog input 
int P=0;            //Digital Power Value [0-4095 bit] 
int now=0;         // value for initial delay 
int Signal = 10;   //define Pin for PWM Output 
int on=50;         //Pin for the Ultrasonic Active signal 
int USon=0;        // value of ultrasonic on Signal (HIGH<=> US Active) 
int y=80;          // amplitude Percentage 
int Y= 125;       // Amplitude output Value [bit] 
int P1=0;         //current Power Value [Watt] 
int P2=0;        // stored previous P value 
int dP=0;        // Derivative of P 
int dP1=0;       // filtered Derivative 
int dP2=0;       // stored Value of dP1 
int dPset1=20;    // trigger power slope 1 
int dPset2=60; // trigger power slope 2 
int dPset3=2000; // trigger power slope 3 
const int Tms=20;    //sampling time [ms] 
 
// smoothing parameters for output 
const int n = 3;   //Smoothing sample size 
int i=0; 
int a[n]={0,0,0};    // the array for the filter value 









analogReadResolution(12);  //PID input resolution 2^12=4096 bit 
analogWriteResolution(8);   //PID Output resolution 2^10=1024 bit 





  USon=digitalRead(on); 
  if (USon==HIGH) 
  { 
    if (now<2) 
    { 
      Y=255-y*255/100; 
      analogWrite(Signal,Y); 
      now=5; 
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      delay(600);    //delay to avoid amplitude drop during the start-up phase 
    } 
    else if (now>2) 
    { 
      P= analogRead(HBM); 
//get the value of Power from MAX A/D converter 0-4095/3.3 <=> 0-1V <=> 0-727.7 W 
               //the Arduino due has an analog input range of 0-3.3V which corresponds to digital 4095 bits 
                  // the HBM can output 0-3.3V which is programmed to correspond 0-2400 W  
      P1= 0.58608*P+3;        //convert from bit to power value 
     
      dP1=100*(P1-P2)/Tms;      // Calculate the derivative 
      //sumX = sumX - a[i];      //remove the oldest value from the output array 
      //a[i] = dP;                //get the current value to the free array location 
      //sumX = sumX + a[i];     // add the updated value to the sum of the array 
      //dP1= sumX/n;           // calculate the smoothened value 
 
      if (dP1>dPset1 && dP2>dPset1 && dP1<dPset2 && dP2<dPset2)   // amplitude drop criteria 
      { 
        y=y-1;      // if condition 1 is true drop the amplitude with 1% 
      } 
      else if (dP1>dPset2 && dP2>dPset2 && dP1<dPset3 && dP2<dPset3) 
      { 
        y=y-2; // if condition 2 is true drop the amplitude with 2% 
      } 
      else if (dP1>dPset3 && dP2>dPset3) 
      { 
        y=y-3;   // if condition 3 is true drop the amplitude with 3% 
      } 
      else 
      { 
        y=y;      //this might not be necessary, just to make sure 
      } 
      
      Y=255-y*255/100; 
      analogWrite(Signal,Y);     // output the amplitude voltage at pin DAC0 
      P2=P1;       //store the power value for the next loop 
      dP2=dP1;     //store the derivative value for the next loop 
      // i=i+1;       // move one location in the filter array 
      //if (i>=n)     // reset the filter array 
      //{ 
        // i=0; 
      //} 
     } 
    delay(Tms); 
   } 
   else   // if the US is not active then output the following amplitude 
   { 
    y=80; 
      Y=255-y*255/100; 
      analogWrite(Signal,Y);    // output the amplitude voltage at pin DAC0 
      delay(Tms); 
      now=0;      // reset the now so the next loop can repeat the delaying sequence 
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R1 650 90 2 200 600 4000 0.5 1.2 1.5 5 0.5 
R2 650 90 1.5 200 600 4000 0.5 1.2 1.5 5 0.5 
R3 650 90 2.5 200 600 4000 0.5 1.2 1.5 5 0.5 
R4 650 90 1.5 175 600 4000 0.5 1.2 1.5 5 0.5 
R5 650 90 1.5 225 600 4000 0.5 1.2 1.5 5 0.5 
R6 650 90 1.5 150 600 4000 0.5 1.2 1.5 5 0.5 
R7 650 90 1.5 260 600 4000 0.5 1.2 1.5 5 0.5 
R8 650 90 1.5 300 600 4000 0.5 1.2 1.5 5 0.5 
R9 650 90 1.5 260 600 4000 0.5 1.2 1.5 5 0.5 
R10 650 90 1.5 260 600 4000 1 1.2 1.5 5 0.5 
R11 650 90 1.5 260 600 4000 1.5 2 2.5 5 0.5 
R12 650 90 1.5 260 400 4000 0.5 1.2 1.5 5 0.5 
R13 650 90 1.5 260 800 4000 0.5 1.2 1.5 5 0.5 
R14 650 90 1.5 260 600 4000 0.5 1.2 1.5 10 0.5 









approx=4;               %substep time (ms) 
%% Process Variables: 
runtime=2000;           % weld duration [sec] 
Aperc=0.8;              % amplitude percentage during step 1 
Pressure=1.3;           % Static Pressure [bar] 
alpha=0.6;              % The hammering effect coefficient 
Vf=0.50;                % Fiber volume fraction 
  
  
%% Ultrasonic device/stack dependant Parameters 
Afull=28e-6;        % 100[%] welder amplitude 
Amp=Afull*Aperc;    % the true amplitude during welding 
Ra=5e-3;            % Anvil radius [m] 
Rh=9e-3;            % Horn radius [m] 
R=(Ra+Rh)/2;        % radius weld spot 
f=30000;            % Ultrasonic frequency [Hz]  
%% Laminate  properties: 
ro= 1515;           % Density composite [kg/m3] 
Kx=2.6;               % planar heat conductivity [W/m.K] 
Kz=0.6;             % transverse heat conductivity [W/m.K] 
h=2.1e-3;           % Laminate thickness [m] 
%% element dimensions: 
dx=0.15e-3;         % Element size [m] 
nin=round(R/dx);    % number of elements inside radius 
nout=10;            % number of elements outside radius 
n=nin+nout;         % total number of elements in planar direction 
m=round(h/dx);      % int number of layers 
%% Variable deffinitions:     
r=ones(n,1);        % Radial location 
Az=ones(n,1);       % Area of elements with a normal in the z direction 
Ax=ones(n,1);       % Area of elements with a normalin the radial direction 
V=ones(n,1);        % volume of elements 
M=ones(n,1);        % Massof elements 
Vm=1-Vf;            % Matrix volume fracion 
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t=runtime/approx;   % number of substeps 
  
load('Pdyna.mat'); 
Props = 'PA66_Props.xlsx'; 
Temp_Ref = 'PA66_Temp_ref.xlsx'; 
Sheet_Props = 1; 
Sheet_Ref = 1; 









%% import the temperature dependant material properties from excel 
Breakpoints= xlsread(Props,Sheet_Props,TRange);     














Fstat=Pressure*491+185;             % conversion of Static pressure of the welder 
to the applied static force (Device specific) 
pdyn=zeros(m,n);                    % define dynamic interfacial pressure matrix 








Kzz(m)=1.5;         % conduction heat transfer coeeficient 




    r(i)=i*dx-dx/2;                       % radial location of element centers [m] 
    Az(i)=pi/360*((i*dx)^2-((i-1)*dx)^2); % element Area with normal in z direction 
[m^2] 
    Ax(i)=2*pi/360*i*dx*dx;               % element Area with normal in x direction 
(radial direction) [m^2] 
    V(i)=Az(i)*dx;                        % element volume [m^3] 
    M(i)=V(i)*ro;                         % element mass [kg] 
    du(1,i)=interp1(rloc,dux,r(i));       % define local slip for the laminate-
laminate interference elements 
    du(m,i)=interp1(rloc,dua,r(i));         % define local slip for the laminate-
anvil interference elements 
    pdyn(1,i)=interp1(rloc,Pdynx,r(i));     % define local dynamic pressure for the 
laminate-laminate interference elements 
    pdyn(m,i)=interp1(rloc,Pdyna,r(i));     % define local dynamic pressure for the 
laminate-laminate interference elements 
end 
for i=1:m 
    for j=1:n 
            VV(i,j)=V(j);        % define the volume of the elements  
            MM(i,j)=M(j);       % define the mas of the elements  
    end 
end 
%% 










%% define and initiate the variables used in the model 
tic 
niu(1:m,1:n)=0.3;               % the initial friction coeeficient matrix 
EE(1:m,1:n)=E_loss(1,1);        % the initial Loss mudulus matrix 
E(1:m,1:n)=E_matrix(1,1);       % the initial storage modulus matrix 
Ec=E; 
K=ones(m,n);                    % define the stiffness matrix 
KL=ones(m,1);                   % define the row stiffness array 
Ktot=ones(m,1);                 % define the converted stiffness array of each row 
Kt=1;                           % define the total stifness of the composite 
Ki=1;                           % define the inverted totalstiffness of the 
composite 
s=zeros(m,n);                   % define the strain matrix 
Sm=zeros(m,n,t);                % the strain matrix with time dimension 
sL(1:m,1)=0.001;                % the strain in wach row of elements 
Qf=zeros(m,n,t);                % the heat generated by friction 
Qv=zeros(m,n,t);                % the heat generated by viscoelasticity 
Qe=zeros(t,1);                  % the energy stored elastically 
QlosX1=zeros(m,n);              % the heat transfered between the elements in the 
radial direction 
QlosX2=zeros(m,n+1);            % the heat transfered between the elements in the 
radial direction 
QlosZ2=zeros(m,n);              % the heat transfered between the elements in the 
axial direction 
Q=zeros(m,n);                   % the total heat balance matrix 
Ccomp(1:m,1:n)=1100;            % define the inital temperature dependant heat 
capacity of the coposite 
DTX1=zeros(m,n);                % the temperature gradient in the raidal direction 
DTX2=zeros(m,n+1);              % the temperature 2nd gradient in the radial 
direction 
DTZ2=zeros(m+1,n);              % the temperature 2nd gradient in the axial 
direction 
T(1:m+2,1:n+2,1:t+1)=27;        % the temperature matrix and initial value 
(boundary condition) (°C) 
Tpr=zeros(t,1);                 % the temperature values for plotting 
Tpr2=zeros(t,1);                % the temperature values for plotting 
dT=zeros(m,n);                  % the temperature descrete time derivative 
w=2*pi*f;                       % the angular frequency 
in=floor(Ra/dx)+5;              % elements division in the weld zone 
out=nin-in;                     % elements division outside the eld zone 
  
%% Incremental solver 
for tt=1:t 
    clc; 
    % some calucation time monitoring commands 
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    prgrs=round(tt/t*100); 
    disp('solving'); 
    prnt=['progress ', num2str(prgrs), ' [%]']; 
    disp(prnt); 
    % the solution at each time increment  
    for i=1:m 
        for j=1:n 
            niu(i,j)=interp1(Breakpoints,fric,T(i,j,tt));       %interpolate the 
friction coeeficient value based on the temperature value 
            EE(i,j)=interp1(Breakpoints,E_loss,T(i,j,tt));      %interpolate the 
loss-modulus value based on the temperature  
            E(i,j)=interp1(Breakpoints,E_matrix,T(i,j,tt));     %interpolate the 
Storage modulus value of the Matrix based on the temperature 
            Ec(i,j)=1/(Vf/Ef+Vm/E(i,j));                        % calculate the 
Composite elastic modulus for each element 
            K(i,j)=Ec(i,j)*Az(j)/dx;                            % calculate the 
stiffness of each element 
            Ccomp(i,j)=interp1(Breakpoints,C,T(i,j,tt));        %interpolate the 
heat capacity value based on the temperature 
             
            DTX1(i,1)=0;                                                % the first 
gradient of the temperature in the central elements in the radial direction 
            DTX1(i,j+1)=(T(i,j+2,tt)-2*T(i,j+1,tt)+T(i,j,tt))/dx;       % the first 
gradient of the temperature in the elements in the radial direction 
            DTX2(i,1)=(T(i,2,tt)-T(i,1,tt))/dx^2;                       % the 
second gradient of the temperature in the central elements in the radial direction 
            DTX2(i,j+1)=(T(i,j+2,tt)-2*T(i,j+1,tt)+T(i,j,tt))/dx^2;     % the 
second gradient of the temperature in the elements in the radial direction 
            DTZ2(1,j)=(T(2,j,tt)-T(1,j,tt))/dx^2;                       % the 
second gradient of the temperature in the central elements in the axial direction 
            DTZ2(i+1,j)=(T(i+2,j,tt)-2*T(i+1,j,tt)+T(i,j,tt))/dx^2;     % the 
second gradient of the temperature in the elements in the axial direction 
             
            
Qf(i,j,tt)=alpha*w/(pi)*niu(i,j)*Az(j)*du(i,j)*Aperc*(Aperc*pdyn(i,j)/2+pstat(i,j))
/VV(i,j); % calculate the friction heat flux 
            QlosX1(i,j)=Kx/r(i)*DTX1(i,j);          % calculate the heat transfer 
in the radial direction 
            QlosX2(i,j)=Kx*DTX2(i,j);               % calculate the heat transfer 
in the radial direction 
            QlosZ2(i,j)=Kzz(i)*DTZ2(i,j);           % calculate the heat transfer 
in the axial direction 
             
       end 
   end 
   KL(:,1)=sum(K(:,1:in),2);                            % calculate the stifness of 
each layer 
   Ki=sum(KL(:).^-1);                                   % calculate the inverse of 
the equivalent stifness for the entire thickness of the laminate 
   Kt=1/Ki;                                             % calculate the equivalent 
stifness of the laminate 
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   sL(:,1)=(0.5*Amp/dx)*Kt./KL(:,1);                    % calculate the strain in 
each layer. 
   s(:,1:in)=repmat(sL(:,1),1,in);                      % calculate the strain in 
each element 
   Sm(:,1:in,tt)=s(:,1:in).*Ec(:,1:in)./E(:,1:in);     % calculate the strain in 
only the matrix of each element 
   for ii=1:out 
       Sm(:,(in+ii),tt)=Sm(:,in,tt)*(out+2-ii)/out;                                 
% smothen the strain in the elements outiside weld apex. 
   end 
   Qv(:,:,tt)=alpha*(w/2)*Vm.*EE(:,:).*(Sm(:,:,tt).^2);                             
% calculate the generated viscoelastic heat in each element 
   %Qe(tt,1)=0.5*w*Kt*(Amp/2)^2;                                                    
% calculate The energy stored in each element 
   Q(:,:)=Qf(:,:,tt)./2+Qv(:,:,tt)./2+QlosX1(:,:)+QlosX2(:,1:n)+QlosZ2(:,:);        
% calculate the thermal equation for each element 
        % the Qf (friction heat) is divided by two because half of the heat 
transfers to the upper laminate and the other half to the bottom. 
        % the Qv (viscoelastic heat) is divided by two becuase the elements produce 
heat only for half of the cycle. 
    
   dT(:,:)=approx/1000*Q(:,:)./ro./Ccomp(:,:);             % calculate the amount 
of temperature increase in each element for each time increment 
   T(1:m,1:n,tt+1)=T(1:m,1:n,tt)+dT(1:m,1:n);              % calculate the 
temperature of each element at each time step 
    
   % plot the temperature for 2 elements in real time. 
   Tpr(tt,1)=round(T(1,28,tt)); 
   Tpr2(tt,1)=round(T(1,5,tt)); 
   tprint=approx*(1:tt);            % define the time for the plotted curves 
   Tprint=Tpr(1:tt,1);              % plot the temperature of the reference curve 
   Tprint2=Tpr2(1:tt,1); 
   plot(tprint,Tprint,'b',tprint,Tprint2,'g',time,Tref2,'--'); 
   axis([0 runtime 0 450]) 
   grid on 
   drawnow 
end 
fin=toc; 





Microscopic images of the fracture surfaces from the controller validation test: 
Fine controlled welds with disturbance (C-fine-w. disturbance). 
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Microscopic images of the fracture surfaces from the controller validation test: 
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Microscopic images of the fracture surfaces from the controller validation test: 
Uncontrolled welds with disturbance (UC-w. disturbance). 
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Microscopic images of the fracture surfaces from the controller validation test: 
Uncontrolled welds without disturbance (UC-w/o. disturbance). 
 
 
 
